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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Accurate knowledge of manure nutrient contents is crucial for land-application of 
manure because overapplication of manure nutrients causes environmental problems such as 
water pollution (Lorimor and Melvin, 1996; Prantner et al., 1999; Wamemuende et al., 
1999). Due to the variability of manure nutrient content, land application of manure may 
pose serious environmental risks. For example, excessive, poorly placed manure can lead to 
runoff. Then the high concentrations of organic matter can rapidly deplete oxygen in rivers 
and streams, leading to fish kills. Excess phosphorous content may lead to eutrophication of 
inland waters. 
To avoid unnecessary environmental contamination, a method for rapidly and 
accurately measuring manure constituents is needed. Traditionally, there are two ways to 
obtain manure nutrient contents: (1) book values based on averages of manure samples from 
a particular region, (2) analysis in a commercial testing lab (Van Kessel et al., 1999). Manure 
nutrient contents can vary substantially because they are affected by many factors: species, 
age, nutrition, production and diet of the animal, amount and type of bedding, and manure 
storage practices (Kirchmann and Witter, 1992; Van Horn et al., 1994; Westerman et al., 
1990; Wilkerson et al., 1997). Therefore, using book values to estimate manure nutrient 
contents can be highly inaccurate. Wet chemical analyses are accurate but time-consuming, 
expensive, and not practical for most producers. Several quick tests (e.g., hydrometer, 
electrical conductivity, nitrogen oxide flask) are available to rapidly estimate some nutrients 
(primarily N and P); however, the relationship is still unclear and most methods are 
inappropriate for solid manures. 
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Because it is easy to measure the total solid (TS) content in manure, attempts have 
been made to estimate manure nutrients based on the relationships between the TS and 
manure nutrients. Several researchers have shown good coefficients of determination (R2) 
for the relationships between TS and manure nutrients in cattle and swine slurries (Tunney, 
1979; Kjellerup, 1986; Piccinini and Bortone, 1991; Sullivan et al., 1994). However, the data 
have generally been limited to liquid manures. Further work is needed to determine the 
relationships between TS and nutrients in solid manures. Therefore, the first objective of this 
study was to determine the relationships between TS and total nitrogen (TN), ammonia 
nitrogen (NH3-N), phosphorus (P), and potassium (K) in solid poultry layer, solid poultry 
broiler litter, solid swine hoop, beef cattle, swine slurry, and swine liquid lagoon manure 
samples. 
Near-infrared reflectance spectroscopy (NIRS) may provide an alternative to 
traditional methods of determining manure nutrients because NIRS can provide fast and 
accurate results. Recently, several researchers have demonstrated that NIRS can be used to 
analyze the nutrient contents in different manure samples. Asai et al. (1993) demonstrated 
that NIRS could be used for quick determination of TN, total carbon (TC), and crude ash in 
cattle manure. Nakatani et al. (1996) reported that NIRS could be used to accurately measure 
TC, TN, ash in cattle manure compost. Millmier et al. (2000) reported that NIRS could 
predict TS, TN, NH3-N, and K in swine lagoon effluent, liquid swine pit, and solid beef 
manure samples using raw spectral data. Reeves and Van Kessel (2000a) reported that NIRS 
could accurately determine the moisture, TC, TN, and NH3-N, but not P and K contents, in 
dairy manure. Reeves (2001) also indicated that NIRS could accurately determine NH/-N, 
organic N, TN, and moisture, but not minerals in poultry manure due to the lack of the 
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correlation between the organic fraction and the mineral of interest. Reeves and Van Kessel 
(2000b) also compared NIRS results of ammonium N with those obtained with available 
quick tests, and concluded that results from NIRS were at least as, and generally more, 
accurate those obtained with available quick tests. Recently, Malley et al. (2002) reported 
that NIRS was feasible technology for the rapid analysis of moisture, organic matter and N 
and P in hog manure. So far, most researchers have not shown that NIRS can be used to 
analyze minerals in manure samples. 
Mathematical data pretreatment has been used to modify raw spectral data to correct 
the baseline, to enhance spectral data, or to assist in smoothing a spectrum. By enhancing the 
spectral data it is anticipated that better results can be obtained than have been shown 
previously. Mathematical data pretreatments to NIRS have not been fully explored in manure 
samples. The second objective of this study was therefore to determine the feasibility and 
limitations for using NIRS to analyze 11 nutrients including TS, volatile solid (VS), TN, 
NH3-N, Ca, P, K, S, Na, Zn, and Cu in solid poultry layer, solid poultry broiler litter, solid 
swine hoop, beef cattle, swine slurry, and swine liquid lagoon manure samples by employing 
different mathematical data pretreatments. 
The application of NIRS to test livestock manure samples has been limited, to date, 
by the requirement that each instrument must be individually calibrated. Another approach is 
to transfer the NIR calibrations from one instrument to another such that only one calibration 
laboratory would be required. This procedure is widely used throughout other industries 
(Hardy et al., 1996; Park et al., 1999a,b). In order for an equation derived on one instrument 
to give similar results on another instrument, the transfer of NIR calibrations across 
instruments has commonly been achieved by multivariate instrument standardization to 
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correct the differences between instruments and avoid recahbration (Park et al., 1999a,b). 
Most reports in transferring calibration models have focused on NIR application to 
agricultural products (Shenk et al, 1985 and Park et al., 1999a,b). So far, the transfer of 
calibration models between instruments has not been investigated for livestock manure 
samples. Therefore, the third objective of this study was to examine the possibility of 
transferring beef cattle feedlot manure calibration models developed on one model of NIR 
spectrophotometer (i.e. Foss NIRSystems 6500) to another model spectrophotometer (i.e. 
Foss NIRSystems 5000) by using three standardization methods. 
Organization of Dissertation 
This dissertation is written using the paper format. It consists of a general 
introduction, a review of literature, three individual papers, and general conclusions. A list 
of references cited in the general introduction chapter is given at the end of that chapter. The 
papers are written following the guidelines for publication in the Transactions of the 
American Society of Agricultural Engineers (ASAE). Each paper consists of an abstract, 
introduction, materials and methods, results and discussion, and conclusions section. 
References cited within each individual paper follow the conclusions section. 
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Literature Review 
In this section, we will review the following topics: 1) manure in general; 2) existing 
quick tests for manure nutrients; 3) NIRS. 
Manure in general 
In the U.S.A, approximately 8.3 million tons of N, 2.5 million tons of P, and 8 million 
tons of K are excreted by farm livestock each year (Moore et al., 1998; Wright, 1998). A 
large percentage of these nutrients are contained in collected manures from livestock that are 
housed for either part or all of the year. Nearly all of the collected manure is applied to 
agricultural land. 
Animal manure is recognized as a valuable source of nutrients to improve soil 
structure and increase crop yields (Karlen et al., 1994). The practice of using manure as a 
crop fertilizer can be ecologically sound, both solving a waste management problem and 
reducing the cost of chemical fertilizer, provided that precautions are taken to avoid 
overfertilization of soils and leaching of nutrients into ground and surface water. Recently, 
several researchers (Koelliker et al., 1971; Lorimor and Melvin 1996; Prantner et al., 1999; 
Warnemuende et al., 1999) reported that overapplication of manure nutrients may pose a 
threat to water quality. 
Increasing public concern of possible deleterious effects of farming on the 
environment is reflected in new and impending federal and state legislation regarding 
farming operations. In a number of states or regions, livestock producers have been required 
to file comprehensive farm nutrient management plans with local authorities. These plans are 
designed to track the quantity of nutrients (primarily N and P) that are being imported onto 
and exported from each farm. A basic feature of nutrient management plans is that the 
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nutrient content of manures applied to cropland be considered when determining subsequent 
mineral fertilizer rates. 
Calculating the appropriate manure application rate for a particular manure type, 
crop, soil type and climatic region is complex, and can be assisted by using specialized 
worksheets or computer programs (Thompson et al., 1997). Regardless of the method used to 
calculate manure application rates, information on the nutrient content of the manure is 
fundamentally necessary. If the values for nutrient content are higher than actual, excessive 
nutrient applications can occur, and if lower, inadequate nutrient application may result. 
Knowledge of the nutrient content will also facilitate the transfer of manure from livestock to 
crop farms. 
Nutrient analyses performed rapidly, on the farm, using relatively cheap and robust 
equipment could be very useful for determining manure nutrient contents. Obtaining 
representative samples is difficult, but analyses could be done by producers on samples of 
manure immediately prior to application, or by extension staff or farm consultants to 
characterize stored manure. There are several such quick tests that are commercially 
available for on-farm manure nutrient analysis (Table 1). These tests measure either one or 
more of the following: ammonium N, total N, total P, and total K. In the next section, we will 
review several quick methods, which are widely used in practice. 
Existing quick tests for manure nutrients 
Hydrometer 
The hydrometer is used to indirectly measure total N and total P in slurry samples. 
The basis of operation is that, in slurries, there are reported linear relationships between (i) 
both the total N and total P contents and the TS, and (ii) the TS and specific gravity (SG). SG 
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is a measure of the density of a liquid, and can be easily measured with a simple piece of lab 
equipment known as a hydrometer. Combining the two previously described relationships 
gives a linear relationship between both total N and total P, and the SG of slurries as 
measured with a simple hydrometer. These relationships were initially described by Tunney 
(1979, 1985), using cattle and pig slurries collected from many farms in Ireland. 
The value of hydrometers for assessing manure nutrients has been extensively tested 
in Europe and North America (e.g., Chescheir et al., 1985; Fleming and Bradshaw, 1992; 
Tunney, 1979; Williams et al., 1996). This work has clearly demonstrated a strong 
relationship between SG and TS content of cattle and pig slurries, with most studies reporting 
coefficients of determination (R2) of >0.9 (Table 2). However, knowing the TS of a slurry is 
of limited value unless it can be related to nutrient content. 
Positive correlations between total N content of cattle and pig slurries with TS 
(Kjellerup, 1986; Tunney, 1979) and between total N and SG (Chescheir et al., 1985; 
Piccinini and Bortone, 1991; Sullivan et al., 1994) have been obtained (Table 3). Generally, 
the relationship between total N and SG has been weaker than that between N and TS. 
Coefficients of determination (R2) for the relationships obtained between total N and TS have 
been 0.4 to 0.8 for cattle slurries, and 0.6 to 0.9 for pig slurries (Table 3). Working in North 
Carolina, Chescheri et al. (1985) related total N of cattle and pig slurries to SG and obtained 
significant relationships with R2 values of 0.69 for cattle slurry and 0.86 for pig slurry. Based 
on their own data and data from the literature, Chescheir et al. (1985) concluded that the 
relationship between total N or P and TS varied depending on species and locality. Generally, 
stronger relationships between total N and TS have been obtained with pig than with cattle 
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slurries (Table 3). This difference may be related to a greater variability in the type and 
amount of bedding used with dairy cattle. 
The hydrometer appears to be less useful for estimating ammonium N than total N in 
cattle and pig slurries. In general, the R2 values reported for relationships between 
ammonium N and TS, and between ammonium N and SG are lower and more variable than 
for total N (Fleming and Bradshaw, 1992; Sullivan et al., 1994; Williams et al., 1996). For 
example, with cattle slurries, Williams et al. (1996) obtained no relationship between 
hydrometer readings and lab ammonium N results. Kjellerup (1986) and Sullivan et al. 
(1994), respectively, reported R2 values of 0.3 and 0.6 between ammonium N and dry matter. 
Fleming and Bradshaw (1992) determined an R2 of 0.8 between ammonium N and SG. The 
considerable variation in the strength of the relationships between ammonium N and TS or 
SG is not surprising considering (i) ammonium N is in the liquid phase of manures, and (ii) 
there is variability in ammonia volatilization losses from manure in barns and in storage 
facilities (Monteny, 1996). The latter will result in different proportions of manure 
ammonium N being lost, depending on management practices and storage facilities. 
Generally, total P content is well correlated with TS for cattle (R2 = 0.5 to 0.8) and 
pig (R2 = 0.7 to 0.9) slurries (Table 4). As with total N, the relationship between P and SG 
was generally weaker than the relationship between P and dry matter. Chescheir et al. (1985) 
determined R2 values for the regression between P and SG of 0.7 for dairy slurry and 0.6 for 
pig slurry. Fleming and Bradshaw (1992) determined an R2 of 0.96 for cattle slurry; however, 
they obtained a very poor correlation between P and SG in poultry and pig slurries. Chescheir 
et al (1985) concluded, with respect to using hydrometers to estimate total N and P, that there 
can be appreciable variation between species and regions. 
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The concentration of K in slurries has been poorly correlated with TS and SG (Table 
4). These poor correlations are to be expected as K in slurries is mostly within the liquid 
phase. Therefore, the hydrometer does not appear to be useful for assessing the K content of 
slurries. 
In reviewing the results obtained by different researchers, there appears to be 
potential for using the hydrometer to measure total N and total P in cattle and pig slurries. 
The variation in results between different studies suggests that management factors such as 
bedding, diet, and manure collection and storage practices may appreciably influence the 
predictive ability for total N and P from hydrometer readings. In regions where similar 
management practices are followed, it may be possible for regional calibrations to be used, 
with different calibrations being used for each species. At a more general level, there may be 
a requirement for relatively simple models that consider various factors influencing the 
relationships between N and P, and hydrometer readings. 
Conductivity meter and pen 
Electrical conductivity (EC) is most commonly used to measure ammonium N in 
slurries (Cross and Wright, 1996; Fleming and Bradshaw, 1992; Fleming et al., 1993; 
Stevens et al., 1995; Williams et al., 1996), but it has also been used to measure K (Stevens 
et al., 1995). It is an indirect method based on observed linear relationships between 
ammonium or K ions and the EC of cattle and pig slurries (Stevens et al., 1995). The EC of a 
solution (or animal slurry) is a measure of the flow of electrons due to the cations and anions 
of that solution (Loveland, 1978). It is largely dependent upon the ionic strength (total 
concentration of all ions present), and is also influenced by the types of ionic species present, 
their individual concentration, and the temperature. Ammonium and K are generally the 
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dominant cations in animal slurries (Stevens et al., 1995), and changes in their concentrations 
are reflected by a change in the overall ionic strength and consequently in the EC of the 
slurries. Although relationships between conductivity and ammonium or K ions can be 
established, conductivity is an indirect measure of these nutrients and a sizeable change in 
the concentration of one of these ions may affect the relationship between conductivity and 
the other ion. 
The relationship between ammonium N and EC is linear, and regression equations 
describing the relationships obtained in different studies are listed in Table 5. With few 
exceptions, R2 values were greater than 0.7, which demonstrates a clear potential for using 
conductivity to estimate slurry ammonium N concentration. The regression equations vary 
between species but there are no consistent differences. In some studies, conductivity more 
accurately estimated ammonium N in pig slurry than in cattle slurry (Stevens et al., 1995; 
Williams et al., 1996), whereas other studies obtained higher R2 values for the regression in 
cattle slurries (Fleming and Bradshaw, 1992; Fleming et al., 1993). Fleming et al. (1993) 
compared a conductivity pen to a standard conductivity meter and obtained a regression with 
an R2 values of 0.94 for measurements made in slurry samples. Other studies have confirmed 
that the conductivity pen is comparable to using a conductivity meter (Cross and Wright, 
1996; Fleming and Bradshaw, 1992). 
Working with cattle and pig slurries collected from throughout Ireland, Stevens et al. 
(1995) evaluated EC as a method for estimating several other nutrients and concluded that 
EC could estimate slurry K content with reasonable accuracy, but that it was not suitable for 
P (Table 6). Fleming et al. (1993) examined 106 slurries from pig, beef and dairy facilities in 
Ontario, and found very weak relationships between EC and P or K. The potential for EC to 
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estimate nutrients other than ammonium N requires more evaluation. It may be that, as with 
the hydrometer, there are regional factors or considerations of management practices that 
influence the applicability of EC measurements for manure nutrient analysis. 
Agros Nitrogen Meter 
The Agros N Meter is based on the reaction between ammonium and hypochlorite; 
hypochlorite oxidizes the ammonium, and N2 gas is produced. When slurries are mixed with 
hypochlorite, the pressure of the resultant N2 provides a measure of the ammonium N in the 
slurry. 
The Agros N Meter has been evaluated by numerous groups in Europe and the U.S.A 
as a method for measuring ammonium N in slurries and solid manures (e.g., Chescheir et al., 
1985; Cross and Wright, 1996; Fleming and Bradshaw, 1992; Kjellerup, 1986; Tunney and 
Bertrand, 1989; Williams et al., 1996). In general, the Agros N Meter provided a reasonable 
assessment of ammonium N in slurries but it was much less reliable with solid manures 
Nearly all of the reported R2 values for the regression equations of Agros ammonium N vs. 
lab ammonium N with slurries are >0.89 (Chescheir et al., 1985; Cross and Wright, 1996; 
Fleming and Bradshaw, 1992; Kjellerup, 1986; Tunney and Bertrand, 1989; Williams et al., 
1996 ). The one exception is the data set of Cross and Wright (1996), which consisted of only 
nine samples, which could account for the low accuracy. 
In a comprehensive study in North Carolina, Chescheir et al. (1985) first tested the 
Agros N Meter using standard solutions of ammoniuim chloride and ammonium sulfate, and 
determined a tendency to over predict at lower ammonium concentrations. These authors also 
used the Agros N Meter with a range of animal manures and reported good agreement with 
lab analysis in slurries, but substantial overestimations of ammonium N in stacked or scraped 
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poultry manures and scraped pig manures. Chescheir et al. (1985) concluded that the Agros 
N Meter measures some easily oxidizable organic N in addition to ammonium N. The work 
of Sutton (1994) supported this conclusion; he compared estimates for available N 
(ammonium plus 30% organic N). Although his sample number was small (n=2l for pig 
slurry and n=8 for liquid duck manure), there was good agreement between the two 
estimates. Sullivan et al. (1997) suggested that the Agros meter is the 'test of choice' for 
lagoon liquids where ammonium is the predominant form of N. 
In numerous studies, the Agros N Meter has provided an acceptable degree of 
accuracy in measuring ammonium N in slurries. It may be possible to enhance the accuracy 
by characterizing exactly which fractions are measured and how these fractions vary with 
animal and manure management practices. 
General Comments 
In general, several quick tests are available that can be used to rapidly estimate the 
nutrient (primarily N, but also P) content of manures. Most of these tests are portable and 
simple to run. Van Kessel et al. (1999) evaluated seven separate quick tests, and found 
different tests worked well for different types of manure with each device having its own 
advantages and disadvantages. Each tended to work for a specific constituent, or on a certain 
type of manure, but did not work as well on other types. While some of these methods are 
quite accurate, they generally only determine the ammonium-N content of the manure, and, 
therefore, are of little or no value in providing information on the C and organic N fractions 
because a complete N profile of manure is necessary to predict the N available for plants. 
NHg-N can account for as little as 8% of total nitrogen in solid manure. It accounts for 
approximately 67% in pit manure, and up to 80% or more of total nitrogen in lagoon effluent 
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(Lorimor, 1999). Safley (1990) reported a mean of 63% and standard deviation of 19% for 
NH3-N in swine pit manure, expressed as a percent of TKN. For swine lagoons the mean and 
standard deviation were 82% and 10%, respectively, and for manure scraped from paved lots 
50% and 23%, respectively. 
In conclusion, several quick tests are available for rapidly measuring manure nutrients 
(mostly NH3-N) on the farm, and these quick tests could be a useful addition to a manure 
management program. However, they are less accurate than standard lab analyses and should 
not replace lab testing (Van Kessel and Reeves, 2000) so a need still exists for a rapid, 
reliable testing mechanism and/or procedure. Near-infrared spectroscopy (NIRS) is 
commonly used in other industries. While no small, inexpensive, NIRS instruments are 
presently available for on-farm evaluation of manures, their development in other areas, such 
as in the agriculture and food industry, shows that such an instrument could be possible. 
NIRS 
Near-infrared technology 
Near-infrared reflectance spectroscopy is a rapid, nondestructive analytical technique 
used widely for the analysis of organic constituents and other properties in a wide range of 
commodities without requiring extensive sample preparation, and NIRS usually does not lead 
to chemical waste production (Burns and Ciurczak, 1992; Williams and Norris, 2001). NIRS 
combines applied spectroscopy and statistics. Covalent chemical bonds between light atoms 
such C, N, O, and H, with primary absorbances in the infrared (IR) region, have strong 
vibrational overtones and combination bands that absorb light in the NIR region (780-
2500nm). The NIR region of the electromagnetic spectrum is mainly useful because a linear 
relationship between absorbance and concentration (i.e., the Beer-Lambert-Bouguer 
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relationship) is exhibited in many biological and agricultural applications, in contrast to the 
case in the IR region. Light in the NIR region reflected or transmitted from samples is 
amplified, digitized, recorded as absorbance. Calibration equations, statistically developed 
from spectral data and the results of conventional chemical analysis (termed reference data) 
on the same samples, are then used to predict concentrations of the constituents of interest in 
further unknown samples of a similar type. The technique analyzes intact samples that may 
be dried and ground, or analyzed "as is." The technique is thus rapid, nondestructive, and 
being introduced to the field with the development of field-portable or mobile NIR 
instrumentation (Case, 1999). 
NIRS application in grain 
NIRS was first used to determine grain moisture 30 years ago. Since then it has been 
developed and refined to determine nutritional properties of ground grain samples, and most 
recently, to analyze samples of whole grains. Grain samples are routinely analyzed for 
moisture, crude protein, starch, fiber, and oil content (Hardy et al., 1996). Rippke et al. 
(1995) reported regression coefficients (R2) of 0.996 and 0.980 for moisture and protein, 
respectively, in corn (n=120 samples). Moisture ranged from under 12% to over 22%; protein 
ranged from under 7% to over 9%. For soybeans, R2 values were 0.99 and 0.98 for moisture 
and protein, which ranged from 9% to 13% and 33% to 37%, respectively. The method has 
been accepted as a way to replace wet chemistry to provide accurate and stable compositional 
analysis of grains. 
NIRS application in feed 
In 1978, Rubenthaler and Bruinsma first reported a successful NIRS calibration of the 
amino acid, lysine content in cereals. In the following years, several researchers (Van 
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Kempen and Bodin, 1998; Pazdernik et al., 1997; Shenk, 1994; Michalski and Mroczyk, 
1992; NIRSystemss, 1991; and Williams et al., 1985) reported that NIRS could predict amino 
acids in feedstuff s. Dyer and Feng (1997) stated that NIRS has become a major tool for feed 
stuff evaluation. They concluded that besides proximate analysis, energy content and amino 
acids can be predicted accurately and that this technique will improve feed formulation and 
quality management in the feed industry tremendously. 
NIRS application in food products 
While NIRS has been used successfully to determine fat, moisture, protein, acid 
detergent fiber, and neutral detergent fiber content of agricultural products (Norris et al., 
1976; Williams and Norris, 1987; Windham et al., 1988; Barton and Windham, 1988), 
several studies have addressed the potential of NIRS to determine total dietary fiber content. 
Baker (1983) reported the successful prediction of neutral detergent fiber content of milled 
breakfast cereals by NIRS. Similarly, Williams et al. (1991) reported analysis of total, 
soluble, and insoluble dietary fiber in oat bran products by NIRS. Recently, Kays et al. 
(1996) reported that NIRS could be used to predict the total dietary fiber content of a variety 
of cereal products successfully. 
In the dairy industry, NIRS has been widely used for analyzing the major components 
in milk (Sato et al., 1987; Hall and Chan, 1993; Chen et al., 1994; Laporte and Paquin, 1998), 
skim milk (Baer et al., 1983; Frankhuizen and van der veen, 1985), and fermented milk 
products (Rodriguez-Otero and Harmida, 1996). The cheese industry already uses NIRS for 
moisture, fat, protein, and lactose determination (Lee et al., 1997; Pierce and Wehling, 1994; 
Frank and Birth, 1982). Furthermore, NIRS is a promising tool for monitoring cheese 
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coagulation (Payne et al., 1993; Laporte et al., 1998). NIRS has also been used for measuring 
casein in oil/water emulsion systems (Kamishikiryo-Yamashita et al., 1994) and casein in 
cow's milk (Laporte and Paquin, 1998). 
NIRS application in soil 
NIRS has the capability of measuring constituents in liquids (Gatin et al., 1996), 
slurries (Wust et al., 1996; Malley et al., 2000), and solids (Malley, 1998). A considerable 
amount of literature exists on the application of NIRS to the analysis of soil (Ludwig and 
Khanna, 2001; Malley et al. 1999; 2002). Malley et al. (1999) investigated the feasibility of 
using NIRS for the analysis of P, S, Ca, Mg, Na, K, Fe, Mn, in 28 Canadian soil samples. 
Malley et al. (2002) also reported that using NIRS could determine moisture, organic matter, 
total N, and Mg in field-moist or dry soil and SO4-S, Ca, and possibly K in dry soil. 
NIRS application in manures 
Several researchers have demonstrated that NIRS can be used to analyze the nutrient 
contents in different manure samples. The summary of previous work on NIRS application to 
the analysis of manure samples can be found in Table 7. Asai et al. (1993) demonstrated that 
NIRS could be used for quick determination of TN, total carbon (TC), and crude ash in cattle 
manure. Nakatani et al. (1996) reported that NIRS could be used to accurately measure TC, 
TN, and ash in cattle manure compost. Millmier et al. (2000) reported that NIRS could 
predict TS, TN, NH3-N, K in swine lagoon effluent, liquid swine pit, and solid beef manure 
samples using raw spectral data. Reeves and Van Kessel (2000a) reported that NIRS could 
accurately determine the moisture, TC, TN, and NH3-N, but not P or K contents in dairy 
manure. Reeves (2001) also indicated that NIRS could accurately determine NH/"-N, organic 
N, TN, and moisture, but not minerals in poultry manure. Malley et al. (2002) reported that 
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NIRS could determine NH4-N, total dissolved N, suspended N, soluble reactive P, suspended 
P, soluble reactive P, Na, and Mg in hog manure. So far, most researchers have not shown 
that NIRS can be used to analyze minerals in manure samples. 
Mathematical pretreatments of NIR spectra 
Mathematical pretreatments of NIR spectra should enhance the qualitative 
interpretation of spectra and the prediction ability of calibration models. Derivative 
transformations could partially compensate for baseline offset between samples and reduce 
instrument drift effects (Norris, 1982). Another property of these transformations is the 
ability to invert the spectrum so that the peaks become narrow valleys (Shenk et al., 1992). In 
NIR measurement, light scattering and sample thickness have multiplicative effects whereas 
chemical absorption has additive effects. The multiplicative signal correction (MSG) is a 
kind of standardization of spectral data that allows the separation of additive and 
multiplicative effects from each other (Martens and Naes, 1989). Li et al.(1996) reported 
that mathematical pretreatments of NIR original spectral data prior to calibration improve 
the calibration and prediction results of dry extracts of orange juices. Hojer (2001) used six 
pretreatment methods including Centering, Orthogonal Signal Correction, MSC, Standard 
Normal Variate transformation, 1st and 2nd derivatives, and reported that using these 
pretreatments improved the prediction ability of calibration models for on-line measurement 
of the moisture content in a plant. Reeves and Van Kessel (2000a, b) and Reeves (2001) used 
first and second derivatives pretreatment when they developed calibration models for manure 
samples. However, a comprehensive application of pretreatment in manure samples to 
improve the prediction results of calibration models has not been investigated. 
Transfer of NIRS calibration models 
The application of NIRS in livestock manure samples has been limited by the 
requirement that each instrument must be individually calibrated. Although it is not difficult 
to operate the calibration software, extensive training and experience and accurate chemical 
analysis of the calibration samples are required to develop a comprehensive and accurate 
analysis equation for each constituent (Shenk et al., 1985). One possible solution to the 
problem is the transfer of NIR calibrations from one instrument to another as done in other 
industries (Hardy et al., 1996; Park et al., 1999a,b). It would be advantageous if calibrations 
developed on one NIR instrument could be successfully transferred to another NIR 
instrument. Unfortunately, there are spectral differences even between NIR instruments of 
the same make and model (Dardenne and Biston, 1990). Because of spectral differences 
between NIR instruments, the use of calibration models from the first instrument may 
produce erroneous results from the second instrument. 
Transfer of NIR calibrations across instruments has commonly been achieved by 
multivariate instrument standardization to correct the differences between instruments and 
avoid recahbration (Park et al., 1999a,b). Instrument standardization solves the calibration 
transfer problem by applying chemometric techniques to find a transformation that makes the 
measured response obtained from one instrument equivalent as that which would be obtained 
from a second instrument if the sample were measured on the second instrument. After the 
spectra obtained with the secondary system are transferred to primary system, the calibration 
models built on the primary instrument could be applied to these modified spectra. Most 
reports in transferring calibration models have been focused on the area of NIR technique 
application to agricultural products (Shenk et al, 1985 and Park et al., 1999a,b). Park et al. 
(1999a, b) reported that cloning was successful for the calibration transfer from the Foss 
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NIRSystems 6500 to the Foss NIRSystems 5000 and from the Foss NIRSystems 6500 to the 
Bran & Luebbe 500 in undried grass silage. Shenk et al. (1985) also reported that it was 
possible to satisfactorily transfer calibrations of forage between instruments by cloning. 
Wang et al. (1991) reported that standardization methods of cloning, direct standardization, 
and piece direct standardization (PDS) were successful for the calibration transfer using the 
simulation and real data. Wang et al. (1991) also found that PDS standardization method was 
best among different standardization methods. So far, the transfer of calibration models in 
sensing nutrient contents of livestock manure samples between instruments has not been 
investigated. 
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Table 1. Quick test systems and the manure nutrients for which they are most commonly 
used. 
Quick test Nutrients determined 
Hydrometer Total N, total P 
Conductivity meter Ammonium N, K+ 
Conductivity pen Ammonium N, K+ 
Ammonia electrode Ammonium N 
Reflectometer Ammonium N 
Agros N Meter Ammonium N 
Quantofix-N-Volumeter Ammonium N 
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Table 2. Relationships between specific gravity (SG) and total solids (TS) or dry matter 
content (DM) in slurries. 
Species Regression equation R Reference 
Dairy TS (%)=-233.9 + 233.3 SG 
Dairy TS (%)=-286.7+286.3 SG 
Cattle TS (%)=-215.6+216.1 SG 
Pig/Cattle DM (%)=-260,4+259.7 SG 
Pig TS(%)=-233.1+233.0 SG 
Pig TS(%)=-221.6+221.0 SG 
0.95 Chescheir et al., 1985 
0.74 Sullivan et al., 1994 
0.77 Piccinini and Bortone, 1991 
0.96 Tunney, 1979 
0.85 Chescheir et al., 1985 
0.88 Piccinini and Bortone, 1991 
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Table 3. Relationships between N and total solids (TS) or dry matter content (DM) in 
slurries. 
Species Regression equation R r Source 
Dairy TN (lb/lOOOgal.) = 3.7+2.14xTS(%) 
Cattle TN (kg/tonnes) = 1.20+0.47xDM(%)-0.01 1XDM2(%) 
Dairy TN(ppm) = 1056+247xTS(%) 
Dairy TN (kg/10m3) = 11.43+3.3lxDM(%) 
Beef TN (kg/10m3) = 3.89+5.85xDM(%)-0.17x DM2(%) 
Cattle TKN (g/kg) = 1.554+0.0216xTS(g/kg) 
Cattle NH3-N(kg/tones) = 0.90+0.27xDM(%)-
0.010x(DM%)2 
Pig TN(kgZtonnes) = 1,67+0.80xDM(%)-0.028x(DM%)2 
Pig TN(kg/10m3) = 11,94+4.24xDM(%) 
TN(kg/10m3) = 8.53+6.30xDM(%)-0.17x(DM%)2 
Pig TN(ppm) = 2433+396xTS(%) 
Pig TKN(g/kg) = 1.095+0.060xTS(g/kg) 
Pig TN(kg/10m3) = 3.62+5.98xDM(%) 
Pig NH3-N(kg/tonnes) = 1.50+0.5 lxDM(%)-
0.72 Sullivan et al., 1994 
0.55 Kjellerup, 1986 
0.57 Chescheir et al., 1985 
0.75 Tunney, 1979 
0.79 Tunney, 1979 
0.44 Piccinini and Bortone, 1991 
0.30 Kjelllerup, 1986 
0.63 Kjellerup, 1986 
0.84 Tunney, 1979 
0.85 
0.77 Chescheir et al. (1985) 
0.81 Piccinini and Bortone, 1991 
0.91 Dragun (1978) 
0.37 Kjellerup, 1986 
0.023x(DM%)2 
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Table 4. Relationships between P and K with total solids (TS) or dry matter content (DM) in 
slurries. 
Species Regression equation R Source 
Dairy P (lb/1000gal) = 0.42+0.66xTS(%) 0.84 Sullivan et al., 1994 
Dairy P (ppm) =117 +92xTS(%) 0.71 Chescheir et al. (1985) 
Cattle P (kg/tonnes) = 0.10+0.12xDM(%)-0.004x(DM%)2 0.50 Kjellerup, 1986 
Cattle P (kg/10m3) = 0.50+0.73xDM(%) 0.80 Tunney, 1979 
Cattle P (g/kg) = 0.3698+0.007xTS(g/kg) 0.67 Piccinini and Bortone, 1991 
Pig P (kg/tonnes) = 0.02+0.34xDM(%)-0.010x(DM%)2 0.74 Kjellerup, 1986 
Pig P (kg/10m3) = 1.17+2.32xDM(%) 0.85 Tunney, 1979 
Pig P (kg/10m3) = 0.12+2.39xDM(%) 0.89 Dragun (1978) 
Pig P (g/kg) = 0.032+0.0312xTS (g/kg) 0.77 Piccinini and Bortone, 1991 
Pig P (ppm) = -112 +334xTS(%) 0.60 Chescheir et al. (1985) 
Pig K (ppm) = 1058+116xTS(%) 0.31 Tunney (1979) 
K (ppm) = 700+318xTS(%)-17x(TS%)2 0.39 
Pig K (ppm) = 1364+49xTS(%) 0.12 Chescheir et al. (1985) 
Dairy K (ppm) = 2288+228xTS(%) 0.33 Tunney(1979) 
Beef K (ppm) = 780+749x(TS%)-35x(TS%)2 0.44 Tunney (1979) 
Dairy K (ppm) = 527+170x(TS%) 0.51 Chescheir et al. (1985) 
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Table 5. Regression equations determined with conductivity meters or pens to describe the 
relationship between conductivity and ammonium N in slurries. 
Species Regression equation R Type Reference 
Dairy 
Dairy 
Dairy 
Dairy 
Dairy 
Cattle 
Cattle 
Cattle 
Beef 
Beef 
Beef 
Pig 
Pig 
Pig 
Pig 
Pig 
NH4+N(%)=0.030+0.013ECraw (mScnr 1) 0.59 Pen Cross and Wright, 1996 
NH4+N(mg/l)=-332+0.119ECraw (umhos) 0.82 Pen Fleming et al., 1993 
NH4+N(%)=-0.070+0.054ECdil(mScm-l) 0.91 Pen Cross and Wright, 1996 
NH4+N(kg/m3)=-0.08+0.05ECraw (mS) 
NH4+N(kg/m3)=0.24+0.56ECdil (mS) 
NH4+N(mg/l)=-249+0.094ECraw 
(mmhos/cm) 
NH4+N(mM)=l l.l+7.0ECraw(mScm-l) 
NH4+N(mM)=-17.7+55.2ECciil(mScm-l) 
NH4+N(mg/l)=-613+0.206ECraw (umhos) 
NH4+N(kg/m3)=-0.69+0.06ECraw (mS) 
NH4+N(kg/m3)=-0.75+0.65Ec(jil (mS) 
NH4+N(mg/l)=25+0.098ECraw 
(mmhos/cm) 
NH4+N(mM)=-143+15.6ECraw(mScm-1 ) 
NH4+N(mg/l)=403+0.132ECraw(umhos) 
NH4+N(kg/m3)=-0.86+0.15ECraw (mS) 
NH4+N(mM)=-61.5+99.6ECcjil(mScm-l) 
0.77 Meter Williams et al., 1996 
0.77 Meter Williams et al., 1996 
0.96 Pen Fleming and Bradshaw, 
1992 
0.59 Meter Stevens et al., 1995 
0.86 Meter Stevens et al., 1995 
0.63 Pen Fleming et al., 1993 
0.65 Meter Williams et al., 1996 
0.72 Meter Williams et al., 1996 
0.40 Pen Fleming and Bradshaw, 
1992 
0.91 Meter Stevens et al., 1995 
0.57 Meter Fleming et al., 1993 
0.90 Meter Williams et al., 1996 
0.98 Meter Stevens et al., 1995 
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Table 6. Regression equations determined with conductivity meters to describe the 
relationship between conductivity and K in slurries. 
Species Regression equation R2 Reference 
Cattle K(mM)=5.9+4.8ECraw(Scm-l) 0.67 Stevens et al., 1995 
Cattle K(mM)=-7.8+35.3ECdil (mScm-1) 0.86 Stevens et al., 1995 
Pig K(mM)=0.9+2.4ECraw (mScm-1) 0.75 Stevens et al„ 1995 
Pig K(mM)=12.9+15.5ECdil (mScm-1) 0.82 Stevens et al., 1995 
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Table 7. Summary of previous work on NIRS application to the analysis of manure nutrients 
Authors Types of manure Analytes Data pretreatment R2 
Asai et al. (1993) Cattle manure TN — 0.93 
TC — 0.97 
Crude ash — 0.99 
Nakatani et al. Cattle manure TC NA' NA 
(1996) compost TN NA NA 
Ash NA NA 
Millmier et al. Liquid swine pit TS — 0.85 
(2000) manure TN - 0.80 
NH3-N — 0.63 
P 
-- 0.47 
K — 0.79 
Swine lagoon TS - 0.90 
effluent TN — 0.69 
NH3-N — 0.62 
p 
— 0.61 
K — 0.71 
Solid beef manure TS — 0.91 
TN — 0.67 
NH3-N — 0.95 
P 
— 0.58 
K — 0.82 
Reeves and Van Dairy manure TC 1st 0.95 
Kessel (2000) TN 2nd 0.96 
NH3-N 2nd 0.97 
Moisture 1st 0.95 
P 2nd 0.48 
K 2nd 0.70 
Reeves (2001) Poultry manure NH4+-N CEN or MSC or Is or 2" 0.78 
Organic-N CEN or MSC or Is or 2st 0.89 
TN CEN or MSC or Is or 2" 0.88 
Moisture CEN or MSC or Is or 2" 0.85 
P CEN or MSC or Is or 2" 0.59 
K CEN or MSC or Is or 2" 0.63 
Ca CEN or MSC or Is or 2" 0.80 
Mg CEN or MSC or Is or 2" 0.46 
S CEN or MSC or Is or 2" 0.54 
Mn CEN or MSC or Is or 2" 0.54 
Zn CEN or MSC or Is or 2" 0.40 
Cu CEN or MSC or Is or 2" 0.52 
Malley et al (2002) Hog manure NH4-N 1st 0.97 
TDN 2«i 0.94 
SRP 1st 0.99 
TDP 2nd 0.99 
Sup C ist 0.99 
Na 2nd 0.95 
K 1st 0.87 
Ca 2nd 0.80 
Mg 1st 0.98 
aNot available 
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CHAPTER 2. RELATIONSHIPS OF TOTAL NITROGEN, AMMONIA NITROGEN, 
PHOSPHOROUS, AND POTASSIUM WITH TOTAL SOLIDS IN SIX TYPES OF 
MANURE 
A paper to be submitted to the Transactions of the ASAE 
W. Ye and J. C. Lorimor 
ABSTRACT 
Understanding the relationships of manure nutrients with total solids (TS) could be 
useful for developing quick and accurate tests that can be useful in field applications. The 
objective of this study was to determine the relationships of total nitrogen (TN), ammonia 
nitrogen (NH3-N), phosphorous (P), potassium (K), volatile solid (VS), Calcium (Ca), sulfur 
(S), sodium (Na), zinc (Zn), and copper (Cu) with TS in six types of manure. One hundred 
eleven solid poultry layer, 95 solid poultry broiler litter, 39 swine solid hoop, 72 beef cattle, 
85 swine slurry, and 88 swine liquid lagoon manure samples were collected from farms in 
three Midwestern states. Samples were analyzed for TS, TN, NH3-N, P, K, VS, Ca, S, Na, 
Zn, and Cu by traditional laboratory methods. The concentration of manure nutrients was 
linearly regressed against TS values. The relationships of TN, NH3-N, P, K, VS, Ca, S, Na, 
Zn, and Cu with TS are not consistent among manure types. The R2 of TN, NH3-N, P, K, VS, 
Ca, S, Na, and Zn with TS were 0.62, 0.57, 0.51, 0.85, 0.70, 0.77, 0.56, 0.42, and 0.58 in 
swine lagoon manure samples, respectively. However, in other manure samples, there were 
weak relationships among TN, NH3-N, P, K, VS, Ca, S, Na, Zn, and Cu with TS except for 
TN in poultry layer and swine slurry manures, P in swine slurry, and Ca in swine solid hoop. 
There were poor predictions as indicated by low ratio of standard deviation (SD)Zstandard 
error of prediction (SEP) (RPD). This study shows that predicting manure nutrient contents 
of a variety of manures based on correlations with TS is not a good option. 
INTRODUCTION 
Quick and accurate tests that can be used by producers to estimate manure nutrient 
contents are needed for successful nutrient management programs. In general, there are 
presently two ways to obtain manure nutrient contents: (1) book values based on averages of 
manure samples from a particular region, (2) analysis in a commercial testing lab (Van 
Kessel et al., 1999). Manure nutrient contents can vary substantially because they are 
affected by many factors such as species, age, nutrition, production and diet of the animal, 
amount and type of bedding, and manure storage practices (Kirchmann and Witter, 1992; 
Van Horn et al; 1994). Therefore, using book values to estimate manure nutrient contents can 
be inaccurate. Wet chemical analyses are accurate but time-consuming, expensive, and not 
convenient for most producers. An alternative method that will rapidly and accurately 
estimate manure nutrients would benefit both the producer and the environment. 
Since it is easy to measure the total solids (TS) in manure, previous work has 
attempted to estimate manure nutrient contents by developing relationships between the TS 
and manure nutrients. Several researchers have shown that coefficients of determination (R2) 
for the relationships between TS and TN have ranged from 0.4 to 0.8 for cattle manure, and 
0.6 to 0.9 for swine slurries (Tunney, 1979; Kjellerup, 1986; Piccinini and Bortone, 1991; 
Sullivan et al., 1994). Kjellerup (1986) and Sullivan et al. (1994) reported R2 values of 0.3 
and 0.6 between TS and NH3-N, respectively. The relationships of TS with P are generally 
high for cattle (R2 = 0.5 to 0.8) and pig (R2 = 0.7 to 0.9) slurries (Tunney, 1979; Kjellerup, 
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1986; Piccinini and Bortone, 1991; Sullivan et al., 1994). Several researchers (Tunney, 1979; 
Chescheir et al., 1985) reported that there was a poor relationship between TS and K. 
However, these studies were restricted to liquid manures. Further work is needed to 
determine if usable relationships exist between TS and nutrients in solid manure. The 
objective of this study was to determine the relationships of TS, TN, NH3-N, P, K, VS, Ca, S, 
Na, Zn, and Cu with TS in solid poultry layer, solid poultry broiler litter, solid swine hoop, 
beef cattle, swine slurry, and swine liquid lagoon manure samples. 
MATERIALS AND METHODS 
Samples 
One hundred eleven solid poultry layer, 39 swine solid hoop, and 85 swine slurry 
manure samples were collected from farms in Iowa. 95 solid poultry broiler litter and 88 
swine liquid lagoon manure samples were collected from farms in Oklahoma and Missouri 
while 72 beef cattle manure samples were collected from Oklahoma, respectively. All 
samples were collected between June and November 2000. To obtain a wide range of 
constituent concentrations, samples were taken from three "layers" in stored manure profiles 
(top, middle, and bottom) when possible in different livestock facilities. For dry solid manure 
samples (solid poultry layer and broiler litter, swine solid hoop, and beef cattle manures), 1-2 
kg samples were collected, sealed, and immediately frozen in freezer quality Ziploc® bags. 
For liquid manure samples (swine liquid lagoon and slurry manures), 200 ml samples were 
stored, and immediately frozen in 250-mL Nalgene ® bottles. Before chemical analyses, the 
dry solid manure samples were run through an electric laboratory chopper and mixed, and the 
liquid manure samples were mixed by an electric blender. For all samples, two subsamples 
were taken and stored at 4°C 
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Laboratory analysis 
An aliquot of the samples was sent to Iowa Testing Laboratories, Inc., (Eagle Grove, 
IA) for standard manure nutrient analyses. TS and TN were determined according to the 
official methods of Association of Official Analytical Chemists (AOAC) methods 930.15 and 
990.03, respectively (AOAC, 1980). VS and NH3-N were measured following the 
Examination of Water and Wastewater (SMEWW) standard methods 2540 L and 4500 NH3-
D, respectively (SMEWW, 1998). The concentrations of P, K, Ca, S, Na, Zn and Cu were 
determined following AOAC method 965.09 ICP (AOAC, 1980). All assay values except VS 
were computed on an as-is basis. The concentration of VS was expressed on the dry-weight 
basis. 
Statistical analysis 
First, laboratory-determined estimates of TN, NH3-N, P, K, VS, Ca, S, Na, Zn, and 
Cu were regressed against laboratory-determined estimates of TS using SAS (SAS, 2000, 
Gary, NC). Several outliers were removed using the criteria that the predicted-actual 
difference for the sample was three standard deviations from the mean difference (Tables 3 
and 4). Then, a regression procedure was used to calculate standard error of prediction (SEP) 
using one-out cross validation. If the laboratory-determined estimates are regarded as the 
reference values, the SEP can be calculated as follows: 
Where Yi are laboratory-determined estimates; Ypred are predicted values by the one-out cross 
validation equations; and n is the number of samples. SEP was only computed for the 
constituents with an R2 greater than 0.8. Then, the RPD, which is ratio of the SEP to the 
(1) 
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standard error (SD) of the constituent in the sample population (Williams, 1990), was 
calculated to evaluate the predictive capability. 
A small SEP alone does not clearly reflect the usefulness of a calibration for manure 
nutrient evaluation, especially if the source data has a small range. If the RPD ratio exceeds 
3, the calibration equation can likely predict the constituent in manure samples with 
reasonable accuracy. Otherwise, the ability of the calibration equation is limited. The RPD 
cut-off value of 3 used in this study is based on several literature values used in other 
industries (AACC, 2000; Malley et al., 1999, 2002; Fontaine et al., 2001). 
RESULTS AND DISCUSSION 
Tables 1 and 2 show the ranges of nutrient contents for the collected manure samples. 
As can be seen, the composition of the samples was diverse, which makes it necessary to test 
individual samples rather than using book values to determine the nutrient contents. 
TN versus TS 
Table 3 shows the relationships between TN and TS in six types of manure sample. 
Coefficient of determination (R2) for the relationships between TN and TS are 0.62, 0.20, 
0.20, 0.25, 0.53, and 0.62 for solid poultry layer, solid poultry broiler litter, solid swine hoop, 
beef cattle, swine slurry, and swine liquid lagoon samples, respectively. The relationships 
between TN and TS are especially weak for solid manures that contain bedding or soil. The 
relationships between TN and TS are better for liquid manure (swine slurry and liquid lagoon 
manures). 
NH3-N versus TS 
The relationships between NH3-N and TS are weak except for swine lagoon manure 
(Table 3). Kjellerup (1986) and Sullivan et al. (1994) also reported R2 value of 0.3 and 0.6 
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between NH3-N and TS, respectively. The considerable variation in the relationships 
between NH3-N and TS among manures is possible considering that: (1) NH3-N is in the 
liquid phase of manures, and (2) there is variability in ammonia volatilization losses from 
manure in barns and in storage facilities (Monteny, 1996). Kjellerup (1986) also reported the 
quadratic relationships between NH3-N and TS for cattle and swine slurry manures, which is 
not observed in this study. The negative correlations between NH3-N and TS were found in 
poultry layer, poultry broiler, and swine solid manures (Table 3). 
P versus TS 
Total P is well correlated with TS in swine slurry (R2 = 0.84) (Table 4). Several 
researchers (Tunney, 1979; Kjellerup, 1986; Piccinini and Bortone, 1991; Sullivan et al., 
1997) also reported that P was well correlated with TS for cattle (R2 = 0.5 to 0.8) and pig (R2 
= 0.7 to 0.9) slurries. However, there is very poor correlation in solid manures (Table 4). The 
regression line for swine slurry is shown in Figure 1. The regression equation is highly 
significant (P < 0.05); however, the RPD is low (2.27). 
K versus TS 
There is a poor relationship between K and TS except for in swine lagoon manure 
(Table 4). Tunning (1979) and Chescheir et al. (1985) reported R2 values of 0.31 and 0.12 in 
swine slurry, respectively. The regression line for swine lagoon manure is shown in Figure 
2. The regression equation is highly significant (P < 0.05); however, the RPD is 1.62. 
Ca, S, Na, Zn, and Cu versus TS 
There are the weak relationships of Ca, S, Na, Zn, and Cu with TS except for Ca in 
swine solid hoop and swine lagoon manures (Table 4). So far, the relationships of these 
minerals with TS in manure samples have not been reported. 
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General results 
The relationships of TN, NH3-N, P, K, VS, Ca, S, Na, Zn, and Cu with TS are not 
consistent among manure types. The best relationships of TN, NH3-N, P, K, VS, Ca, S, Na, 
Zn, and Cu with TS were found in swine lagoon manure, but they do not appear to have 
predictive capabilities as indicated by low RPD. In other manure samples, the relationships 
of these nutrients with TS were weak except for TN in poultry layer and swine slurry 
manures, P in swine slurry, and Ca in swine solid hoop. The regression lines with a strong 
enough relationship to test had low RPD values. Therefore, it appears to be very difficult to 
accurately estimate the manure nutrient contents using correlations with TS. 
CONCLUSIONS 
Results of this study indicate manure nutrient predictions based on linear regressions 
with TS are inadequate for good manure management. Other methods for rapidly and 
accurately measuring manure nutrients are needed. 
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Table 1. Nutrient composition in poultry layer, poultry broiler litter, and swine solid hoop 
manure samples 
Constituenta 
Poultry layer manure Poultry broiler litter manure Swine solid hoop manure 
Mean Min Max SD" Mean Min Max SD" Mean Min Max SD" 
TS(%) 66.56 26.49 88.49 19.11 69.05 51.29 88.93 6.34 42.63 27.94 80.79 12.35 
TN (%) 2.61 0.46 4.86 1.12 2.67 1.40 4.22 0.43 0.92 0.54 1.55 0.26 
NH3-N(%) 0.44 0.14 0.95 0.16 0.51 0.28 0.88 0.12 0.33 0.02 0.72 0.22 
P(%) 1.65 0.64 2.95 0.58 1.49 0.98 2.81 0.22 0.63 0.23 1.59 0.29 
K(%) 1.96 0.71 3.15 0.53 2.10 1.11 2.71 0.23 1.25 0.55 2.30 0.42 
VS (%) 60.60 27.76 79.60 10.16 73.47 50.56 89.91 7.02 71.68 46.49 99.06 9.34 
Ca(%) 8.94 1.47 14.86 2.97 2.02 1.22 2.74 0.33 1.31 0.41 8.42 1.36 
S(%) 0.44 0.16 0.79 0.12 0.50 0.21 0.89 0.09 0.31 0.17 0.66 0.11 
Na(%) 0.38 0.11 0.76 0.12 0.65 0.33 1.09 0.10 0.26 0.12 0.45 0.08 
Zn (ppm) 421.2 149.0 877.0 171.0 327.1 127.0 500.0 79.88 167.9 46.0 386.0 79.5 
Cu (ppm) 45.6 11.00120.0 21.8 497.2 134.0 770.0 118.8 29.4 10.0 51.0 10.9 
^The concentration of constituents based on % of wet-weight. 
^Standard deviation. 
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Table 2. Nutrient composition in beef cattle, swine liquid lagoon, and swine slurry manure 
samples 
Constituenta 
Beef cattle manure Swine liquid lagoon manure Swine slurry manure 
Mean Min Max SDd Mean Min Max SDb Mean Min Max SDb 
TS(%) 72.47 33.93 92.93 15.47 0.570 0.160 3.080 0.38 6.041 1.070 16.082 3.291 
TN (%) 1.18 0.27 2.18 0.47 0.069 0.010 0.290 0.042 0.349 0.040 0.540 0.096 
NH3-N(%) 0.16 0.01 0.37 0.10 0.092 0.005 0.205 0.038 0.273 0.032 0.406 0.063 
P(%) 0.50 0.11 2.59 0.29 0.015 0.003 0.077 0.010 0.240 0.017 0.678 0.151 
K(%) 1.04 0.19 2.30 0.50 0.132 0.043 0.253 0.055 6.041 1.072 16.080 3.291 
VS (%) 42.84 11.08 75.79 16.69 36.33 27.62 75.33 7.48 71.69 56.92 87.80 5.54 
Ca(%) 3.81 1.13 8.88 1.63 0.007 0.003 0.071 0.008 0.246 0.026 1.356 0.241 
S(%) 0.32 0.08 0.53 0.09 0.003 0.001 0.029 0.003 0.018 0.005 0.059 0.010 
Na (%) 0.24 0.05 0.45 0.12 0.03 0.01 0.05 0.01 0.038 0.020 0.062 0.009 
Zn (ppm) 165.8 63.0 329.0 63.9 3.06 0.90 30.00 3.61 68.21 7.00 191.00 35.86 
Cu (ppm) 34.2 9.0 59.0 12.6 NA NA NA NAC 30.31 5.00 81.00 17.35 
^The concentration of constituents based on % of wet-weight. 
^Standard deviation. 
cNot available. 
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Table 3. Parameters and statistics for the regression equations that describe the relationships 
between total nitrogen (TN), ammonia nitrogen (NH3-N), phosphorus (P), potassium 
(K), and volatile solid (VS) with total solid (TS)a 
TN NH3 -N P K VS 
Manure nb R2 nb Rz n" RZ n" RZ nb RZ 
Poultry layer 109 0.62 109 0.40 109 0.07 108 0.26 109 0.08 
Poultry broiler 
litter 93 0.20 92 0.44 94 0.00 93 0.00 92 0.09 
Swine solid hoop 37 0.25 36 0.11 37 0.36 37 0.44 36 0.22 
Beef cattle 70 0.20 69 0.18 70 0.15 70 0.36 71 0.00 
Swine slurry 83 0.53 82 0.34 83 0.84 82 0.08 85 0.36 
Swine liquid 
lagoon 85 0.62 86 0.57 85 0.51 85 0.85 86 0.70 
^The concentration of constituents based on % of wet-weight. 
bNumber of data points after outliers were removed. 
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Table 4. Relationships between Calcium (Ca), sulfur (S), sodium (Na), zinc (Zn), and copper 
(Cu) with total solid (TS)a 
Ca S Na Zn Cu 
Manure nb Rz nb R2 nb nb Rz nb R2 
Poultry layer 109 0.46 109 0.19 109 0.26 108 0.05 109 0.16 
Poultry broiler 
litter 93 0.12 92 0.05 94 0.01 93 0.20 92 0.00 
Swine solid hoop 37 0.66 36 0.12 37 0.04 37 0.35 36 0.14 
Beef cattle 72 0.06 70 0.21 70 0.33 70 0.00 72 0.10 
Swine slurry 83 0.53 84 0.14 85 0.06 83 0.12 82 0.27 
Swine liquid 
lagoon 85 0.77 86 0.56 85 0.42 85 0.58 NA
C NA 
aThe concentration of constituents based on % of wet weight. 
^Number of data points after outliers were removed. 
cNot available. 
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CHAPTER 3. APPLICATION OF NEAR-INFRARED SPECTROSCOPY FOR 
DETERMINATION OF NUTRIENT CONTENTS IN LIQUID AND SOLID 
MANURES 
A paper to be submitted to the Transactions of the ASAE 
W. Ye, J. Lorimor, and C. Hurburgh, Jr. 
ABSTRACT 
Proper application of livestock manure to agricultural land converts waste to 
fertilizer, but relies on knowing the nutrient content of the manure. One hundred eleven solid 
poultry layer, 95 solid poultry broiler litter, 39 swine solid hoop, 72 beef cattle, 85 swine 
slurry, and 88 swine liquid lagoon manure samples were collected from farms in three states 
to investigate the feasibility and limitations for using near-infrared spectroscopy (NIRS) to 
analyze manure nutrients. Spectral data in the near-infrared (NIR) region (1100-2500 nm) 
from manure samples were correlated with chemical analytical data from the same samples 
using the partial least squares regression techniques, in conjunction with six mathematical 
data pretreatments. The best calibration equations were selected on the basis of the smallest 
standard error of cross validation (SECY) and the largest coefficient of determination (R2) of 
cross validation. RPD (the ratio of the standard error (SD) of the constituent in the sample 
population to the SECY) was used to evaluate the future prediction performance of 
calibration models. After using the mathematical data pretreatments, the R2 values of the 
one-out cross validation for total solids (TS), volatile solid (VS), total nitrogen (TN), and 
ammonia nitrogen (NH3-N) are between 0.80 and 0.97 for all manure samples. The R2 values 
of the one-out cross validation for minerals ranged from 0.71 to 0.81, 0.50 to 0.78, 0.74 to 
0.94, 0.66 to 0.91, 0.73 to 0.91, and 0.70 to 0.90 in poultry solid layer manure, poultry broiler 
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litter, swine solid hoop, beef cattle, swine liquid lagoon, and swine slurry manure samples, 
respectively. The RPD values indicate NIRS can predict TS, VS, TN, NH3-N, and some 
minerals in manures. NIRS has potential to predict some nutrient concentrations in manure 
rapidly and accurately. 
INTRODUCTION 
Accurate knowledge of nutrient content is crucial for land-application of manure 
because overapplication of manure nutrients can cause environmental problems (Lorimor and 
Melvin, 1996; Prantner et al., 1999; Wamemuende et al., 1999). Overapplication may lead to 
environmental losses while underapplication can result in reduced crop production. 
Conventional wet chemical methods of analysis for manure nutrient contents have been used 
for many years, but are quite complicated, labor intensive, and time-consuming (Anonymous, 
1999; AO AC, 1980). Due to increasing environmental concern from farm manures, rapid 
and robust methods of analyzing manure nutrient contents are necessary (Van Kessel et al., 
1999; Van Kessel and Reeves, 2000). 
Recently, several researchers have demonstrated that near-infrared spectroscopy 
(NIRS) can be used to analyze the manure nutrient content. Asai et al. (1993) reported that 
NIRS could be used for quick determination of total nitrogen (TN), total carbon (TC), and 
crude ash in cattle manure. Nakatani et al. (1996) reported that NIRS could be used to 
accurately measure TC, TN, and ash in cattle manure compost. Millmier et al. (2000) 
reported that NIRS could predict total solids (TS), TN, ammonia nitrogen (NH3-N), and 
potassium (K) in swine lagoon effluent, liquid swine pit, and solid beef manure samples. 
Reeves and Van Kessel (2000) reported that NIRS could accurately determine the moisture, 
TC, TN, and NH3-N, but not the phosphorus (P) or K contents in dairy manure. Reeves 
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(2001) also indicated that NIRS could accurately determine NH/"-N, organic N, TN, and 
moisture, but not minerals in poultry manure. Recently, Malley et al. (2002) reported that 
NIRS is feasible technology for the rapid analysis of moisture, organic matter and N and P in 
hog manure. So far, NIRS has not been successful on analysis of minerals in manure. The 
summary of NIRS application to the analysis of manure nutrients can be found in the Table 
1. 
Applying mathematical data pretreatments to NIRS will enhance the qualitative 
interpretation of spectra and the prediction ability of calibration models and will optimize 
calibration accuracy (Li et al., 1996). Mathematical data pretreatments to NIRS have not 
been fully explored in manure samples to improve the prediction ability. The objective of this 
study was to determine the feasibility and limitations for using NIRS to analyze 11 nutrients 
including TS, volatile solid (VS), TN, NH3-N, Calcium (Ca), P, K, sulfur (S), sodium (Na), 
zinc (Zn), and copper (Cu) in six types of manure (solid poultry layer, solid poultry broiler 
litter, solid swine hoop, beef cattle, swine slurry, and swine liquid lagoon) by using different 
mathematical data pretreatments. 
MATERIALS AND METHODS 
Samples and chemical reference analyses 
One hundred eleven solid poultry layer, 39 swine solid hoop, and 85 swine slurry 
manure samples were collected from farms in Iowa. 95 solid poultry broiler litter and 88 
swine liquid lagoon manure samples were from farms in Oklahoma and Missouri while 72 
beef cattle manure samples were collected from Oklahoma, respectively. All samples were 
collected between June and November 2000. To obtain a range of constituent concentrations, 
samples were taken from three "layers" in the manure profile (top, middle, and bottom) 
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where possible. For dry solid manure samples (solid poultry layer and broiler litter, swine 
solid hoop, and beef cattle feedlot manures), 1-2 kg samples were collected, sealed, and 
immediately frozen in freezer quality Ziploc® bags. For liquid manure samples (swine liquid 
lagoon and slurry manures), 200 ml samples were stored, and immediately frozen in 250-mL 
Nalgene ® bottles. Before chemical analyses and NIRS scans, the dry solid manure samples 
were run through an electric laboratory chopper and mixed, and the liquid manure samples 
were mixed by an electric blender. For all samples, two subsamples were taken. One was 
transferred to an 8 cm by 15 cm 6 mil Ziploc® bag for NIR scan, the other was stored in the 
new Ziploc® bag (dry solid samples) or transferred back 250-mL Nalgene® bottle (liquid 
samples) for wet chemistry analyses. Chemical analyses for TS, VS, TN, NH3-N, Ca, P, K, S, 
Na, Zn, and Cu of the samples were performed at Iowa Testing Laboratories, Inc., (Eagle 
Grove, IA). TS and TN were determined according to the official methods of Association of 
Official Analytical Chemists (AOAC) methods 930.15 and 990.03, respectively (AOAC, 
1980). VS and NH3-N were measured following the Examination of Water and Wastewater 
(SMEWW) standard methods 2540 L and 4500 NH3-D, respectively (SMEWW, 1998). The 
concentrations of P, K, Ca, S, Na, Zn and Cu were determined following AO AC method 
965.09 ICP (AOAC, 1980). All assay values except VS were computed on an as-is basis. The 
concentration of VS was expressed on the dry-weight basis. 
Near-Infrared Spectroscopy Analysis 
All NIRS measurements were made with a FOSS NIRSystem 6500 
Spectrophotometer (NIR Systems, Inc., Silver Spring, MD). This instrument contains a 
computer-based system with a scanning monochromator equipped with Si (400-1098 nm) 
and PbS (1100-2498 nm) detectors. The monochromator scans the range between 400 to 
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2498 nm in a transmittance mode. The range of wavelength used for analyses was set to 
1100-2500 nm on the basis of results by Reeves (2001). Spectral data were recorded at 2-nm 
intervals as log(lZR), where R represented decimal fraction transmittance. Groups of 20-25 
samples were thawed to room temperature and scanned for each run. Samples were scanned 
using a sample transport module with the natural product cell of the NIRSytems 6500. 
Samples were gently pressed onto the crystal surface to ensure good contact. Duplicate scans 
of each sample were examined visually for consistency. 
Calibration Development and Data Analysis 
Software. All computations were performed with either Matlab version 6.0 
(MathWorks, Inc., Natick, MA), PLS-Toolbox version 2.01 with MATLAB (Wise and 
Gallagher, 1998), or WinISI II 1.04. The algorithms for mathematical data pretreatments, 
partial least squares (PLS) regression with the one-out cross validation, and outlier detection 
functions were programmed in the Matlab language. The file conversion program in the 
WinISI software was used to transfer from the spectra format to ASCII data format so that 
mathematical data pretreatments and calibration developments could be performed in the 
Matlab environment. After the acquisition of spectral data and chemical reference values, 
PLS regression algorithms were used to establish mathematical relations (i.e., calibration 
models) between chemical reference values and spectral data for each component being 
measured. The optimum number of PLS factors used for constituent prediction were 
determined by minimization of cross-validation standard error (Martens and Naes, 1989). 
Outliers. Sample outliers including spectral and compositional outliers were deleted 
for calibrations. Spectral outliers were eliminated by the Principal Component Analysis 
(PCA), which identify both suspect and influential samples on the score plot of the first two 
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principal components. After spectral outliers were removed, the three data pretreatments 
including the first derivative, the second derivative, and mean centering were applied to that 
data set to find common compositional outliers. Common compositional outliers were 
identified based on the criterion that the predicted-actual difference for the sample was three 
standard deviations from the mean difference for all three pretreatments during calibration. 
Mathematical Data Pretreatments. After outliers were removed, six mathematical 
data pretreatments including 1) standard normal variate transformation (SNV), 2, 3) first and 
second derivatives, 4) mean centering (CEN), 5) multiplicative scatter correction (MSC), and 
6) orthogonal signal correction (OSC) were tested to select the best data pretreatment for 
each constituent of each manure. The best data pretreatment was selected based on the 
minimum standard error of cross validation (SECY). In order to test whether a single 
pretreatment can be selected to use for all the manures for all constituents, analysis of 
variance (ANOVA) was used to test pretreatment differences in predicted means at the 
significance of 0.05 for each of constituents in specific manures. 
Calibration Statistics. The "best" calibration equations were selected on the basis of 
the smallest SECV and the largest coefficient of determination (R2) of cross validation. To 
assess the predictive ability of calibration equations, the RPD, which is the ratio of the SECV 
to the standard error (SD) of the constituent in the sample population (Williams, 1990), was 
used in this study. 
RESULTS AND DISCUSSION 
Sample Composition and Spectral Information 
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The wet chemistry results in Tables 2-7 show the nutrient contents of the samples for 
each manure type (including outliers). As can be seen, the composition of the samples was 
diverse with wide ranges for most constituents. 
NIR spectra of minimum, average, and maximum TS content for poultry manure 
samples are presented in Figure 1 to illustrate the appearance of a scan. The three spectra 
have absorbance peaks that occur at 1730 and 2312 nm, but with different relative 
magnitudes. For samples with lowest total solid concentrations, the spectrum has sharper 
peaks at 1730 and 2320 nm. The intensities of these peaks differed across total solid 
contents. The light absorbance within the wavelength interval 1900 to 2000 nm is the main 
water absorption peak, and so is less dependent of the component being measured (Figure 1). 
Mathematical Treatment for NIR Spectra 
Tables 2-7 also show the best mathematical data pretreatment for each constituent for 
each manure type. The best data pretreatment was different for different constituents in the 
same manure or the same constituent for different manures. In almost all cases, the best data 
pretreatment was significantly different from the second best mathematical data pretreatment 
for each constituent for each manure type (P < 0.05). Therefore, the choice of data 
pretreatment will depend on a specific constituent of manure. Results of this study provide 
the basis for the future data pretreatment for a specific constituent in manure samples and 
show that case-specific study will be needed. 
NIR Calibration and Validation Statistics 
Outliers. Samples that were predicted very poorly (concentration outliers) or that 
were spectrally very different from the majority of the samples (spectral outliers) were 
removed. Tables 2-7 show the percent of outliers removed for each constituent for each 
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manure during calibrations. The percent of outliers removed in this study is less than 10% 
except for solid swine hoop manure (small sample sizes). This was consistent with previous 
reports (Millmier et al., 2000; Reeves and Van Kessel, 2000; Reeves, 2001). 
Determinations of total and volatile solids and total and ammonia nitrogen. The 
calibration and validation statistics for poultry solid layer manure, poultry broiler litter, swine 
solid hoop, beef cattle, swine liquid lagoon, and swine slurry manure samples, are shown in 
Tables 2-7, respectively. The R2 of the one-out cross validation for TS, TN, and NH3-N are 
between 0.80 and 0.97 for all manure samples. Although it is difficult to make direct 
comparison with other results due to the variable nature of manure, in general, the R2 values 
of this study are similar to those reported in previous reports (Asai et al., 1993; Reeves and 
Van Kessel, 2000; Reeves, 2001). Results indicate that NIRS is able to accurately determine 
TS, VS, TN, and NH3-N for all manures. 
Determinations of minerals. The R2 of the one-out cross validation for minerals 
range from 0.70 to 0.81, 0.50 to 0.78, 0.74 to 0.94, 0.66 to 0.91, 0.73 to 0.91, and 0.70 to 
0.90 in poultry solid layer, poultry broiler litter, swine solid hoop, beef cattle, swine liquid 
lagoon, and swine slurry manure samples, respectively. Reeves and Van Kessel. (2000) 
reported the R2 of the one-out cross validation for K and P were 0.57 and 0.34, respectively, 
based on 107 dairy manure samples before 8 outliers were removed. Reeves (2001) reported 
that the R2 of calibrations for minerals were between 0.40 and 0.80 based on 207 poultry 
manure samples, before outliers were removed. Removal of outliers did not produce a 
satisfactory calibration for minerals. Although the calibrations developed for minerals in this 
study are better than in other studies (Malley et al., 1999, 2002; Reeves and Van Kessel, 
2000; Reeves, 2001), it seems that the calibrations still are not adequate for most minerals in 
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manure samples. However, based on the RPD values shown in Tables 2-7, it may be possible 
to use NIRS to analyze selected minerals in certain manures, for example, P in beef cattle, 
swine liquid lagoon, and swine slurry manure samples. This result agrees with the findings of 
Malley et al (2002) who reported that NIRS could determine P in hog manure. It is possible 
minerals bind with organic structures in predictable ways. 
Although the accuracy of calibrations for minerals depend on relationships between 
organic components and the minerals (Clark et al., 1985; Shenk et al., 1992), it may still be 
possible to determine some minerals by NIRS. The data pretreatment used in this study did 
increase the predictive ability of using NIRS to determine the minerals in manure samples. In 
general, results of this study indicate that using NIRS to determine minerals in manure 
samples is limited, but possible for certain minerals. 
Prediction of nutrient contents 
A small SECV alone does not clearly reflect the usefulness of a NIRS calibration for 
manure evaluation. The RPD, calculated as the ratio of the standard deviation (SD) of the 
constituent in the sample population to the SECV, helps in determining whether a NIRS 
calibration is useful (AACC 2000). If the RPD is high, NIRS predictions can divide the 
samples into subgroups of low, medium, and high contents of the selected constituent. Tables 
2-7 show the RPD for all constituents involved in this study. If the ratio exceeds a value of 3, 
the calibration equation can predict the constituent. Otherwise, the ability of the calibration 
equation is limited. These cut-off values for RPDs are based literature values used in other 
industries (AACC 2000; Malley et al., 1999, 2002; Fontaine et al., 2001). 
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CONCLUSIONS 
Calibration models developed in six types of manure with a NIRSystems 6500 are 
adequate for the rapid and accurate determinations of TS, VS, TKN, and NH3-N and some 
minerals using NIR spectra from 1100-2498 nm. Mathematical data pretreatments of 
original spectral data prior to calibration improved the calibration and prediction results, 
especially for minerals. However, the choice of data pretreatment will depend on a specific 
constituent of manure, which limits the application of the data pretreatment in the routine 
manure management. 
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Table 1. Summary of previous work on NIRS application to the analysis of manure nutrients 
Authors Types of manure Analytes Data pretreatment R2 
Asai et al. (1993) Cattle manure TN — 0.93 
TC — 0.97 
Crude ash — 0.99 
Nakatani et al. Cattle manure TC NA' NA 
(1996) compost TN NA NA 
Ash NA NA 
Millmier et al. Liquid swine pit TS - - 0.85 
(2000) manure TN — 0.80 
NH3-N — 0.63 
P — 0.47 
K — 0.79 
Swine lagoon TS — 0.90 
effluent TN — 0.69 
NH3-N — 0.62 
P — - 0.61 
K — 0.71 
Solid beef manure TS — 0.91 
TN — 0.67 
NH3-N - - 0.95 
P — 0.58 
K — 0.82 
Reeves and Van Dairy manure TC 1st 0.95 
Kessel (2000) TN 2nd 0.96 
NH3-N 2nd 0.97 
Moisture 1st 0.95 
P 2nd 0.48 
K 2»d 0.70 
Reeves (2001) Poultry manure NH4+-N CEN or MSC or Is or 2" 0.78 
Organic-N CEN or MSC or Is or 2" 0.89 
TN CEN or MSC or Is or 2st 0.88 
Moisture CEN or MSC or Is or 2st 0.85 
P CEN or MSC or Is or 2" 0.59 
K CEN or MSC or Is or 2st 0.63 
Ca CEN or MSC or Is or 2" 0.80 
Mg CEN or MSC or Is or 2" 0.46 
S CEN or MSC or Is or 2st 0.54 
Mn CEN or MSC or Is or 2" 0.54 
Zn CEN or MSC or Is or 2st 0.40 
Cu CEN or MSC or Is or 2st 0.52 
Malley et al (2002) Hog manure NH4-N 1st 0.97 
TON 2nd 0.94 
SRP 1st 0.99 
TDP 2nd 0.99 
Sup C 1st 0.99 
Na 2nd 0.95 
K 1st 0.87 
Ca 2nd 0.80 
Mg 1st 0.98 
aNot available 
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Table 2. Calibration and validation statistics of 111 poultry layer manure samples 
Constituenta Wet chemistry statistics Data No.of Outliers NIR performance 
Pretreat PLS removed datac 
Mean Min Max SD" ment factor (%) SECV R RPD 
TS (%) 66.56 26.49 88.49 19.11 SNV 9 3.6 2.28 0.97 8.38 
VS(%) 60.60 27.76 79.60 10.16 1st 6 7.2 2.74 0.83 3.71 
TN (%) 2.61 0.46 4.86 1.12 2nd 8 3.6 0.23 0.92 4.87 
NH3-N(%) 0.44 0.14 0.95 0.16 2=d 10 3.6 0.03 0.91 6.23 
Ca (%) 8.94 1.47 14.86 2.97 MSC 10 5.4 1.32 0.75 2.25 
P(%) 1.65 0.64 2.95 0.58 2nd 10 5.4 0.24 0.76 2.42 
K(%) 1.96 0.71 3.15 0.53 ist 8 6.3 0.24 0.71 2.23 
S(%) 0.44 0.16 0.79 0.12 2nd 6 7.2 0.06 0.70 2.15 
Na(%) 0.38 0.11 0.76 0.12 SNV 10 7.2 0.06 0.71 2.16 
Zn (ppm) 421.3 149.0 877.0 171.0 2nd 10 6.3 60.8 0.81 2.81 
Cu (ppm) 45.6 11.0 120.0 21.8 1st 11 6.3 8.6 0.71 2.53 
^The concentration of constituents based on % or ppm of wet-weight except VS on % of dry-
weight. 
blst = First derivative, 2nd = Second derivative, MSC = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
cBased on one-out cross validation. 
dSD = Standard deviation. 
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Table 3. Calibration and validation statistics of 95 poultry broiler litter manure samples 
Constituenta Wet chemistry statistics Data No.of Outliers NIR performance data0 
Mean Min Max SD" Pretreat 
mentb 
PLS 
factor 
removed 
(%) 
SECV Rz RPD 
TS(%) 69.05 51.29 88.93 6.34 1st 10 5.3 1.45 0.91 4.37 
VS(%) 73.47 50.56 89.91 7.02 2nd 10 5.3 1.98 0.86 3.54 
TN (%) 2.67 1.40 4.22 0.43 2nd 9 7.4 0.13 0.80 3.32 
NH3-N(%) 0.51 0.28 0.88 0.12 1st 9 7.4 0.031 0.89 3.92 
Ca (%) 2.02 1.22 2.74 0.33 1st 7 4.2 0.21 0.54 1.56 
P(%) 1.49 0.98 2.81 0.22 OSC 7 4.2 0.13 0.50 1.70 
K(%) 2.10 1.11 2.71 0.23 SNV 7 9.5 0.12 0.68 1.91 
S(%) 0.50 0.21 0.89 0.09 CEN 10 10.5 0.04 0.66 2.19 
Na (%) 0.65 0.33 1.09 0.10 SNV 10 7.4 0.05 0.63 2.09 
Zn (ppm) 327.1 127.0 500.0 79.9 MSC 9 9.5 25.3 0.78 3.16 
Cu (ppm) 497.2 134.0 770.0 118.8 SNV 8 9.5 66.5 0.62 1.78 
^The concentration of constituents based on % or ppm of wet-weight except VS on % of dry-
weight. 
blst = First derivative, 2nd = Second derivative, MSC = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
cBased on one-out cross validation. 
dSD = Standard deviation. 
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Table 4. Calibration and validation statistics of 39 swine solid hoop manure samples 
Constituenta Wet chemistry statistics Data No.of Outliers NIR performance data0 
Mean Min Max SD" Pretreat 
mentb 
PLS 
factor 
removed 
(%) 
SECV Rz RPD 
TS(%) 42.63 27.94 80.79 12.35 SNV 4 12.8 2.39 0.91 5.17 
VS(%) 71.68 46.49 99.06 9.34 SNV 9 15.4 1.99 0.91 4.69 
TN (%) 0.92 0.54 1.55 0.26 CEN 9 15.4 0.07 0.87 3.73 
NH3-N(%) 0.33 0.02 0.72 0.22 1st 6 12.8 0.04 0.92 5.39 
Ca(%) 1.31 0.41 8.42 1.36 1st 9 10.3 0.21 0.94 6.47 
P(%) 0.63 0.23 1.59 0.29 1st 3 15.4 0.13 0.74 2.21 
K(%) 1.25 0.55 2.30 0.42 SNV 9 10.3 0.09 0.90 4.67 
S(%) 0.31 0.17 0.66 0.11 2nd 6 7.7 0.056 0.70 1.93 
Na(%) 0.26 0.12 0.45 0.08 1st 10 17.9 0.03 0.80 2.54 
Zn (ppm) 167.9 46.0 386.0 79.5 CEN 7 10.3 31.0 0.81 2.56 
Cu (ppm) 29.4 10.0 51.0 10.9 CEN 8 15.4 4.0 0.82 2.72 
aThe concentration of constituents based on % or ppm of wet-weight except VS on % of dry-
weight. 
blst = First derivative, 2nd = Second derivative, MSC = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
cBased on one-out cross validation. 
dSD = Standard deviation. 
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Table 5. Calibration and validation statistics of 72 beef cattle manure samples 
Constituenta Wet chemistry statistics Data No.of Outliers MIR performance data 
Pretreat PLS removed c 
Mean Min Max SD* mentb factor (%) SECV R2 RPD 
TS (%) 72.47 33.93 92.93 15.47 2nd 9 5.6 2.98 0.90 5.19 
VS (%) 42.84 11.08 75.79 16.69 2nd 7 6.9 3.29 0.91 5.07 
TN(%) 1.18 0.27 2.18 0.47 2nd 8 9.7 0.11 0.88 4.28 
NH3-N(%) 0.16 0.01 0.37 0.10 SNV 10 6.9 0.02 0.89 4.86 
Ca (%) 3.81 1.13 O
O OO OO 
1.63 MSC 9 9.7 0.66 0.72 2.48 
P(%) 0.50 0.11 2.59 0.29 2nd 10 5.6 0.07 0.91 4.09 
K(%) 1.04 0.19 2.30 0.50 OSC 10 2.8 0.14 0.87 3.57 
S(%) 0.32 0.08 0.53 0.09 SNV 8 5.6 0.04 0.78 2.31 
Na(%) 0.24 0.05 0.45 0.12 OSC 10 8.3 0.03 0.90 4.14 
Zn (ppm) 165.8 63.0 329.0 63.9 1st 7 8.3 34.7 0.66 1.84 
Cu (ppm) 34.2 9.0 59.0 12.6 1st 9 6.9 6.6 0.71 1.91 
^The concentration of constituents based on % or ppm of wet-weight except VS on % of dry-
weight. 
blst = First derivative, 2nd = Second derivative, MSC = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
cBased on one-out cross validation. 
dSD = Standard deviation. 
71 
Table 6. Calibration and validation statistics of 88 swine liquid lagoon manure samples 
Constituenta Wet chemistry statistics Data No.of Outliers NIR performance data0 
Mean Min Max SDd Pretreat 
mentb 
PLS 
factor 
removed 
(%) 
SECY R2 RPD 
TS(%) 0.57 0.16 3.08 0.38 2nd 8 3.4 0.07 0.92 5.47 
VS(%) 36.33 27.62 75.33 7.48 1st 10 6.8 1.81 0.88 4.13 
TN (%) 0.069 0.010 0.290 0.042 2nd 8 9.1 0.012 0.83 3.49 
NH3-N(%) 0.092 0.005 0.205 0.038 2nd 9 5.7 0.01 0.88 3.75 
Ca(%) 0.007 0.003 0.071 0.008 10 3.4 0.002 0.90 4.22 
P(%) 0.015 0.003 0.077 0.010 2nd 8 3.4 0.002 0.91 4.85 
K(%) 0.132 0.043 0.253 0.055 OSC 6 2.3 0.025 0.73 2.19 
S(%) 0.003 0.001 0.029 0.003 2nd 7 1.1 0.001 0.83 3.36 
Na(%) 0.03 0.01 0.05 0.01 1st 9 3.4 0.003 0.80 2.63 
Zn (ppm) 3.06 0.90 30.00 3.61 OSC 8 2.3 1.38 0.79 2.61 
aThe concentration of constituents based on % or ppm of wet-weight except VS on % of dry-
weight. 
blst = First derivative, 2nd = Second derivative, MSC = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
cBased on one-out cross validation. 
dSD = Standard deviation. 
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Table 7. Calibration and validation statistics of swine slurry manure 
Constituenta Wet chemistry statistics Data No.of Outliers NIR performance datac 
Mean Min Max SDd Pretreat PES removed SECV Rl RPD 
mentb factor (%) 
TS(%) 6.04 1.07 16.08 3.29 SNV 8 9.4 0.68 0.92 4.84 
VS(%) 71.69 56.92 87.80 5.54 SNV 8 8.2 1.39 0.87 198 
TN(%) 0.349 0.040 0.540 0.096 CEN 10 5.9 0.021 0.91 4.58 
NH3-N(%) 0.273 0.032 0.406 0.063 2nd 10 4.7 0.014 0.91 4.52 
Ca(%) 0.246 0.026 1.356 0.241 2nd 10 2.4 0.073 0.86 3.30 
P(%) 0.240 0.017 0.678 0.151 2nd 10 5.9 0.032 0.90 4.72 
K(%) 0.235 0.094 0.352 0.061 2nd 10 7.1 0.02 0.87 3.05 
S(%) 0.018 0.005 0.059 0.010 1st 4 8.2 0.004 0.70 2.54 
Na (%) 0.038 0.020 0.062 0.009 2nd 11 5.9 0.003 0.88 3.05 
Zn (ppm) 68.21 7.00 191.00 35.86 MSG 10 4.7 12.84 0.83 2.79 
Cu (ppm) 30.31 5.00 81.00 17.35 SNV 10 4.7 4.61 0.87 3.76 
^The concentration of constituents based on % or ppm of wet-weight except VS on % of dry-
weight. 
blst = First derivative, 2nd = Second derivative, MSG = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
cBased on one-out cross validation. 
dSD = Standard deviation. 
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Figure 1. NIR spectra of TS minimum, average, and maximum for poultry manure sample 
set. 
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CHAPTER 4. THE TRANSFER OF BEEF CATTLE FEEDLOT MANURE 
CALIBRATIONS BETWEEN NEAR-INFRARED SPECTROPHOTOMETERS 
USING THREE STANDARDIZATION TECHNIQUES 
A paper to be submitted to the Transactions of the ASAE 
Wenyu Ye, Jeffery C. Lorimor, Charles R. Hurburgh, Jr., Hailin Zhang, and Jeffery Hattey 
ABSTRACT 
The application of Near-infrared (NIR) spectroscopy in livestock manure samples has 
been limited by the requirement that each instrument must be individually calibrated. One 
possible solution to the problem is the transfer of NIR calibrations from one instrument to 
another. Seventy-two beef cattle feedlot manure samples were collected and scanned through 
the Foss NIRSystems 6500 (master) and the Foss NIRSystems 5000 (slave) instruments. 
Calibration equations for analyzing 11 constituents, total solids (TS), volatile solid (VS), 
total nitrogen (TN), ammonia nitrogen (NH3-N), phosphorus (P), calcium (Ca), potassium 
(K), sulfur (S), sodium (Na), zinc (Zn) and copper (Cu) of beef cattle feedlot manure samples 
were built in each instrument by the leave-one-out cross validation using partial least squared 
(PLS) regression. Three standardization methods including cloning, direct standardization 
(OS), and piece-wise direct standardization (PDS) were used to transfer the master equations 
to slave spectra. The 72-sample data set was split into a 30-sample standardization set to 
generate standardized files and a 42-sample prediction set to test the accuracy of different 
standardization methods. Results of this study show that the performances of calibrations for 
two instruments are similar. The standard error of difference (SED) was calculated based on 
the values of master spectra predicted by the master equations and slave spectra 
(standardized or not) predicted by the master equations. The SED of the standardized slave 
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spectra was much less than the corresponding SED of the unstandardized slave spectra. The 
SED of the standardized slave spectra predicted by the master equations were less than the 
corresponding standard error of cross validation (SECV) of master calibration models. In 
comparison the common method of sloping and biasing equations for use on other 
instruments was examined. The SED values were reduced compared with those of the 
unstandardized slave spectra predicted by the master equations, but were not improved over 
those of the standardization methods. 
Keywords: NIR, beef cattle feedlot manure, calibration transfer, standardization. 
INTRODUCTION 
Near-infrared (NIR) spectroscopy analysis is an instrumental method for rapidly and 
precisely measuring the nutrient contents in livestock manure samples (Nakatani et al, 1996; 
Millmier et al, 2000; Reeves and Van Kessel, 2000; Reeves, 2001; Ye et al, 2001). However, 
the application of NIR spectroscopy in livestock manure samples has been limited by the 
requirement that each instrument must be individually calibrated. Although it is not difficult 
to operate the calibration software, extensive training and experience and accurate chemical 
analysis of the calibration samples are required to develop a comprehensive and accurate 
analysis equation for each constituent (Shenk et al., 1985). One possible solution to the 
problem is the transfer of NIR calibrations from one instrument to another such that only one 
calibration laboratory would be required. Unfortunately, there are spectral differences even 
between NIR instruments of the same make and model (Dardenne and Biston, 1990). 
Because of spectral differences between NIR instruments, the use of calibration models from 
the first instrument may produce erroneous results from the second instrument. 
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In order for an equation derived on one instrument to give similar results on another 
instrument, the transfer of NIR calibrations across instruments has commonly been achieved 
by multivariate instrument standardization to correct the differences between instruments and 
avoid recalibration (Park et al., 1999a,b). After the spectra obtained with the secondary 
system are made equivalent to those that would have been obtained with the primary system, 
the calibration models built on the primary instrument can be applied to these modified 
spectra. Most reports in transferring calibration models have been focused on NIR 
application to agricultural products (Shenk et al, 1985 and Park et al., 1999a,b). Park et al. 
(1999a,b) reported that cloning was successful for the calibration transfer from the Foss 
NIRSystems 6500 to the Foss NIRSystems 5000 and from the Foss NIRSystems 6500 to the 
Bran & Luebbe 500 in undried grass silage. Shenk et al. (1985) also reported that it was 
possible to satisfactorily transfer calibrations of forage between instruments by cloning. 
Wang et al. (1991) reported that cloning, direct standardization (DS), piece-wise direct 
standardization (PDS) standardization methods were successful for the calibration transfer 
using the simulation and real data. Wang et al. (1991) also found that PDS standardization 
method was best among different standardization methods. 
So far, the transfer of calibration models in sensing nutrient contents of livestock 
manure samples between instruments has not been investigated. Manure, especially earthen 
feedlot manure, is much more variable than grains or forages and consequently presents a 
much larger challenge to predict accurately. The objective of this study was to examine the 
possibility of transferring beef cattle feedlot manure calibration models developed on one 
model of NIR spectrophotometer (i.e. Foss NIRSystems 6500) to another model 
spectrophotometer (i.e. Foss NIRSystems 5000) by using three standardization methods. 
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MATERIALS AND METHODS 
Standardization samples 
Beef cattle feedlot manure samples (n=72) were collected from farms in Oklahoma by 
Oklahoma State University (OSU) in the summer of 2000. 1-2 kg samples were collected, 
thoroughly mixed, sealed, and immediately frozen in freezer quality Ziploc® bags. Two sub-
samples, one for NIRS scan sealed by an 8-cm by 15-cm 6 mil Ziploc ® bag and one for wet 
chemical analysis, were taken from each thawed manure sample. Chemical analyses of total 
solids (TS), volatile solid (VS), total nitrogen (TN), ammonia nitrogen (NH3-N), phosphorus 
(P), calcium (Ca), potassium (K), sulfur (S), sodium (Na), zinc (Zn) and copper (Cu) of 
manure samples were performed at Iowa Testing Laboratories, Inc., (Eagle Grove, IA). TS 
and TN were determined according to the official methods of Association of Official 
Analytical Chemists (AOAC) methods 930.15 and 990.03, respectively (AOAC, 1980). VS 
and NH3-N were measured following the Examination of Water and Wastewater (SMEWW) 
standard methods 2540 L and 4500 NH3-D, respectively (SMEWW, 1998). The 
concentrations of P, K, Ca, S, Na, Zn and Cu were determined following AO AC method 
965.09 ICP (AOAC, 1980). All assay values except VS were expressed on an as-is basis. The 
concentration of VS was expressed on the dry weight basis. Table 1 gives the range and 
standard deviations of the samples for 11 constituents of interest in this study. 
NIR instruments 
This study was conducted using two instruments. A Foss NIRSystems 6500 
monochromator (NIR Systems, Inc., Silver Spring, MD) at Iowa State University (ISU) was 
the master instrument. A Foss NIRSystems 5000 monochromator (NIR Systems, Inc., Silver 
Spring, MD) at OSU was referred to as the slave instrument. Both instruments contain a 
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computer-based system with a scanning monochromator. The Foss NIRSystems 6500 is 
equipped with Si (400-1098 nm) and PbS (1100-2498 nm) detectors while the Foss 
NIRSystems 5000 is only with PbS (1100-2498 nm) detector. Spectral data were recorded at 
2-nm intervals as log(l/R), where R represented decimal fraction transmittance. Prior to 
making the measurements, the instruments were validated according to the diagnostic 
procedure of WinlSII 1.04 (InfraSoft International, LLC., Port Mathilda, USA) software: 
noise level, detector response, and wavelength accuracy to obtain wavelength accuracy and 
photometric repeatability. 
NIR Scanning 
Samples were first scanned by the Foss NIRSystems 5000 at OSU, then frozen, and 
sent to ISU to be scanned by the Foss NIRSystems 6500. The frozen samples were allowed 
to thaw and equilibrate to room temperature, then scanned at ISU. The samples were scanned 
in the coarse transport cell on both instruments. This is a rectangular cell with a quartz 
window. The solid samples were gently pressed onto the crystal surface to ensure good 
contact. The instrument read 12 reference scans of the ceramic reference material, and the 
transport speed of the coarse transport cell allowed 24 complete wavelength range scans 
across the half length of the quartz window. The WinlSI software automatically averages 
these 24 scans to minimize the effects of sample heterogeneity. Duplicate scans of each 
sample were measured to check the repeatability. 
Development of calibration equations 
Since the spectrometers cover different spectral regions, a common wavelength range 
from 1100 to 2498 nm was chosen for the development of calibrations and for comparability 
between the two instruments. Master equations for analyzing 11 constituents, TS, VS, TN, 
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NH3-N, P, Ca, K, S, Na, Zn, and Cu of beef cattle feedlot manure samples were developed on 
the Foss NIRSystems 6500. Six different mathematical data pretreatments including standard 
normal variate transformation, first and second derivatives, centering data, multiple scatter 
correction, and orthogonal signal correction were applied to derive the calibration equations 
by leave-one-out cross validation using partial least squared (PLS) regression, which was 
used to select the optimum number of factors and avoid overfitting. The upper limit of PLS 
factors was 10 because of small sample size. The "best" calibration equations were selected 
on the basis of the smallest standard error of cross validation (SECV) and the largest 
coefficient of determination (R2). To compare the performance of the Foss NIRSystems 
5000, similar calibration development procedures were applied to develop slave equations. 
Details about the development of calibrations can be found in Ye. et al. (Ye et al., 2003). 
Standardization and statistical analysis 
Three standardization methods including cloning (Shenk and Westerhaus, 1989 and 
1995), DS (Wang et al., 1991), and PDS (Wang et al., 1991, 1992) were tested in this study. 
For cloning, determinations of standardization files and transfers of spectra were performed 
with WinlSII Version 1.04 software. For the other two methods, determinations of 
standardization files and transfers of spectra were conducted using the Matlab environment 
of Matlab version 6.0 (MathWorks, Inc., Natick, MA) and PLS_Toolbox with Matlab (Wise 
and Gallagher, 1998). In this study, 30, 3, and 3 spectra were used to generate 
standardization files for cloning, DS, and PDS, respectively. 
The 72-sample data set was split into a 30-sample standardization set to generate 
standardized files and a 42-sample prediction set. After standardization, the same 
mathematical transformations were applied to the prediction set as were used to produce the 
master equations. The master equations for the 11 constituents were applied to the 42-sample 
prediction set of (1) the master spectra (2) the slave spectra, and (3) the slave spectra 
standardized to the master. The performance of different standardized methods was assessed 
by calculating the correlation coefficient (R2) and the standard error of difference (SED). If 
the master spectra predicted by the master equations are regarded as the reference values, the 
SED can be calculated as follows: 
sed=JZK^£L (1) 
Where Ym are predicted values of samples scanned on the master instrument using the master 
calibration equations; Ypred are predicted values of the samples scanned on the slave 
instrument with or without standardization by the master calibration equations; and n is the 
number of samples in the prediction set. SED and R2 are computed for each constituent. In 
this study, the statistics of SECV and SED were compared to evaluate the standardization 
performance. The SED of each constituent obtained from standardization should be smaller 
than the corresponding SECV of calibrations: if SED is larger or of the same order of 
magnitude, standardization is not useful (Bouveresse et al., 1994). 
Sloping and biasing equations 
To establish the sloped and biased equations for each of the 11 constituents, the 30 
samples (standardization set) scanned on the two instruments were predicted by the master 
equations. Then, the values obtained with the master instrument were regressed on those 
values from the slave instrument. These sloped and biased equations were tested by 
predicting the 42 validation samples scanned on the slave instrument and comparing the 
results to those of the 42 master spectra predicted by the master equations. 
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RESULTS AND DISCUSSION 
Comparison of NIR calibrations between two instruments 
The statistics of the wet chemistry reference values for the beef cattle feedlot manure 
samples used to build calibration equations for both instruments are given in Table 1. The 
composition of the samples was diverse with wide ranges for most constituents. Using this 
sample set, leave-one-out cross validation statistics for the optimum PLS calibrations for 11 
constituents, developed on each of two NIR instruments, are presented in Table 2. SECVs of 
nine of the constituents, TS, VS, TN, NH3-N, Ca, P, S, Na, and Zn, for the master equations 
are slightly smaller than the corresponding SECV for slave equations (Table 2). Two 
constituents, K and CU, have slightly larger SECVs for the master equations than their 
corresponding SECV for the slave equations (Table 2). The similarity between SECVs 
indicates that the calibrations developed on the master and slave instruments will provide 
very similar accuracy. 
Standardization and calibration transfer 
Figure 1 shows the optical differences in log 1/R values across the full spectrum for 
two NIR instruments when the same manure sample was scanned. There is simple 
wavelength shifting and linear intensity changes between two spectra. The same peaks occur 
at 1442, 1730, 1932, and 2312 nm on the master and slave spectrum. After standardization 
the slave spectra become closely aligned to the master spectrum across the wavelength range 
(1100-2498 nm). Visually, differences in the standardized spectra among three 
standardization methods became smaller. 
The calibration transfer results presented in Table 3 show the range statistics, SED, 
and R2 for 11 constituents based on 42 beef cattle feedlot manure validation samples. The 42 
82 
spectra scanned on the master instrument, predicted by the master equations are regarded as 
the reference values and the resulting statistics are shown in Table 3. Results for the same 42 
samples, predicted by unstandardized slave spectra using the master equations resulted in 
lower R2 and very different means, minimum, and maximum compared with the reference 
values (Table 3). The SED of 7.21, 8.73, 0.26, 0.19, 5.71, 0.24, 0.56, 0.24, 0.10, 124.2, and 
20.15 for TS, VS, TN, NH3-N, Ca, P, K, S, Na, Zn, and Cu, respectively, are larger than the 
corresponding calibration SECV of the master equations (Tables 2 and 3). These results 
agree with the findings of Park et al. (1999a,b) who found that the SED of the unadjusted 
slave spectra predicted by the master equations was larger than the corresponding SECV of 
calibration models for undried grass silage. Although there are no statistical differences in 
means for most nutrients among different methods (P > 0.05), there are 59.2, 66.1, 57.7, 
91.1, 89.5, 79.2, 76.8, 85.8, 77, 73.3, and 70.2% reduction in accuracy for TS, VS, TN, NH3-
N, Ca, P, K, S, Na, Zn, and Cu, respectively, for the slave spectra predicted by the master 
equations compared with those of the slave spectra predicted by the slave equations based on 
the SED differences (Table 3). 
After the slave spectra were standardized and predicted by the master equations, the 
means, minima, and maxima agreed with the reference values very well for each 
standardization method (Table 3). There are no statistical differences in means of each 
treatment for all nutrients (P > 0.05) (Table 3). The SED values for these standardized 
spectra for 11 constituents have been reduced greatly compared with the SED of the 
unstandardized spectra (Table 3). The SED values for each of the constituents for three 
methods are smaller than the corresponding SECV of calibration models. These results 
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indicate that these standardization methods were successful for transferring calibrations 
between the two instruments 
Sloping and biasing the master equations resulted in predicting the slave spectra 
better compared with the unstandardized spectra (Table 3). However, the calculated SED 
values are still higher than those calculated for the standardized slave spectra predicted by the 
master equations. Therefore, the sloped and biased equations did not perform as well as the 
standardized methods. 
The performance of the slave spectra predicted by the slave equations was also tested. 
These parameter ranges agree with the reference values (Table 3). However, the calculated 
SED values are higher than those calculated for the standardized slave spectra predicted by 
the master equations. Although the slave equations performed worse than the standardized 
methods, the slave equations still performed reasonably in this study. 
CONCLUSION 
This study has shown that the development of NIR calibrations for solid beef cattle 
feedlot manure samples on two similar instruments produced calibrations with similar 
accuracies. Three standardized methods were tested and judged to be successful for the 
calibration transfer between two instruments. Accurate and precise transfers can thus be 
made from one NIR instrument to another with only a few samples. This approach will not 
require changes or modifications in current instrumentation and would avoid using time-
consuming complete recalibration procedures, running a large number of calibration samples, 
and developing a completely new calibration model. The findings of this study are 
encouraging for the application of NIR technique to analyze nutrient contents of livestock 
manure. 
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Table 1. Statistics of wet chemistry results for beef cattle feedlot manure samples (n=72) 
Constituents Wet Chemistry Statistics 
Min Value Max Value Mean SDa 
TS(%) 33.93 92.93 72.47 15.47 
VS(%) 11.08 75.79 42.84 16.69 
TN (%) 0.27 2.18 1.18 0.47 
NH3-N (%) 0.005 0.37 0.16 0.097 
Ca (%) 1.13 O
O OO 00 
3.81 1.64 
P(%) 0.11 2.59 0.50 0.29 
K(%) 0.19 2.30 1.04 0.50 
S(%) 0.08 0.53 0.32 0.09 
Na(%) 0.05 0.45 0.24 0.12 
Zn (ppm) 63.0 329.0 165.83 63.86 
Cu (ppm) 9.0 59.0 34.21 12.58 
aSD = standard deviation 
Note: The concentrations are wet-weight except VS which is % of dry-weight. 
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Table 2. Calibration cross validation statistics for master equations developed on master 
spectra scanned on the Foss NIRSystems 6500 and slave equations developed on 
slave spectra scanned on the Foss NIRSystems 5000 
Constituent" Math Master equations Slave equations 
pretreatment PLS 
factor 
SECV R2 PLS factor SECV Rz 
TS(%) 2nd 9 3.11 0.94 8 4.07 0.90 
VS(%) 2nd 7 3.29 0.95 9 3.56 0.93 
TN (%) 2nd 8 0.11 0.92 9 0.12 0.91 
NH3-N (%) SNV 10 0.02 0.93 7 0.03 0.89 
Ca(%) MSC 9 0.66 0.81 10 0.68 0.80 
P(%) 2n{i 10 0.07 0.96 8 0.08 0.92 
K(%) OSC 10 0.14 0.91 9 0.13 0.90 
S(%) SNV 8 0.04 0.85 9 0.05 0.83 
Na(%) OSC 10 0.03 0.94 8 0.05 0.90 
Zn (ppm) 1st 7 34.7 0.76 7 35.4 0.70 
Cu (ppm) 1st 9 6.58 0.83 10 6.32 0.81 
aThe concentrations are wet-weight except VS which is % of dry-weight.. 
1st = First derivative, 2nd = Second derivative, MSC = Multiple scatter correction, OSC = 
Orthogonal signal correction, CEN = Centering data, SNV = Standard normal variate 
transformation, and Raw = Raw spectra. 
Table 3. Comparison of constituent predictions for 42 beef feedlot manure samples scanned 
on a Foss NIRSystems 6500 (master) and a Foss NIRSystems 5000 (slave) 
instrument. 
Constituent Statistics MMC SMC SSBC SCMC SDSMC SPDSMC SSC 
TS Mean 71.88' 65.08" 68.54' 72.01" 73.02' 72.81" 74.15" 
Min 34.01 26.13 30.01 31.81 35.52 34.89 36.06 
Max 92.39 90.64 91.03 91.01 93.64 93.02 97.02 
SED 7.21 4.81 2.83 2.41 2.24 3.02 
R2 0.71 0.77 0.83 0.85 0.88 0.81 
VS Mean 42.50' 49.81" 45.44" 43.11" 44.10" 43.01" 40.79" 
Min 12.49 16.66 14.89 13.24 14.01 13.04 10.59 
Max 76.01 98.67 87.11 79.25 78.61 76.98 73.87 
SED 8.73 4.11 2.28 2.45 2.40 2.96 
R2 0.69 0.80 0.92 0.89 0.90 0.86 
TN Mean 1.14" 1.31" 1.21" 1.05" 1.18" 1.11" 1.01" 
Min 0.33 0.65 0.41 0.30 0.35 0.29 0.28 
Max 2.16 3.12 2.54 2.12 2.60 2.06 2.01 
SED 0.26 0.13 0.06 0.10 0.05 0.11 
R2 0.77 0.82 0.91 0.89 0.91 0.88 
NH3-N Mean 0.16" 0.18" 0.17" 0.16" 0.16" 0.16" 0.17" 
Min 0.01 0.03 0.02 0.01 0.011 0.01 0.013 
Max 0.35 0.57 0.44 0.34 0.31 0.36 0.32 
SED 0.19 0.17 0.02 0.01 0.01 0.017 
R2 0.76 0.81 0.85 0.91 0.91 0.86 
Ca Mean 3.53' 3.02' 3.51" 3.83' 3.68' 3.49" 3.38' 
Min 1.55 1.02 1.60 1.72 1.49 1.50 1.41 
Max 6.60 6.14 6.60 6.81 6.58 6.23 6.08 
SED 5.71 3.41 0.55 0.46 0.41 0.60 
R2 0.64 0.80 0.87 0.92 0.94 0.89 
P Mean 0.49" 0.32» 0.45" 0.47" 0.49" 0.47" 0.51" 
Min 0.17 0.07 0.13 0.13 0.18 0.16 0.19 
Max 2.58 1.79 2.71 1.89 2.72 2.60 2.72 
SED 0.24 0.18 0.04 0.03 0.03 0.05 
R2 0.80 0.81 0.88 0.89 0.90 0.86 
K Mean 1.02" 2.09" 1.51" 1.42" 1.35" 1.28" 1.03" 
Min 0.23 0.56 0.17 0.42 0.28 0.14 0.48 
Max 2.29 3.45 3.15 4.02 2.15 2.01 2.09 
SED 0.56 0.21 0.10 0.13 0.13 0.13 
R2 0.76 0.80 0.89 0.84 0.84 0.84 
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Table 3 (Continued) 
Constituent Statistics MMC SMC SSBC SCMC SDSM0 SPDSM SS= 
S Mean 0.32" 0.45* 0.34" 0.33" 0.30" o.3 r 0.36" 
Min 0.09 0.15 0.12 0.09 0.06 0.09 0.089 
Max 0.49 0.62 0.53 0.58 0.47 0.46 0.69 
SED 0.24 0.13 0.031 0.03 0.02 0.34 
R2 0.72 0.75 0.89 0.90 0.93 0.86 
Na Mean 0.23* 0.18" 0.19" 0.22" 0.28" 0.25" 0.20" 
Min 0.05 0.02 0.03 0.06 0.07 0.06 0.04 
Max 0.40 0.32 0.44 0.37 0.42 0.37 0.35 
SED 0.10 0.08 0.01 0.02 0.02 0.023 
R2 0.85 0.88 0.95 0.90 0.89 0.88 
Zn Mean 152.52" 
in OO 141.11a 167.14" 159.18" 154.11a 162.53" 
Min 90.09 57.44 77.88 93.09 84.81 96.01 95.09 
Max 227.30 201.32 221.85 250.68 236.91 240.19 217.48 
SED 124.20 50.40 31.50 25.70 20.50 33.1 
R2 0.64 0.72 0.79 0.83 0.89 0.87 
Cu Mean 33.08" 30.12" 32.11" 32.90" 35.65" 34.45" 36.05" 
Min 12.92 7.47 12.88 15.37 16.72 14.32 17.81 
Max 57.61 48.47 55.33 56.38 59.70 61.07 50.67 
SED 20.15 8.23 4.58 5.69 5.14 6.01 
R2 0.67 0.80 0.89 0.86 0.87 0.82 
a,bMeans with different letters are significantly different at P < 0.05. 
CMM = Master spectra predicted by master equations; SM = Slave spectra predicted by 
master equations; SSB = Slave spectra predicted by sloped and biased equations; SCM = 
Slave spectra standardized by cloning and predicted by master equations; SDSM = Slave 
spectra standardized by DS and predicted by master equations; SPDSM = Slave spectra 
standardized by PDS and predicted by master equations; SS = Slave spectra predicted by 
slave equations. 
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Fig. 1. Comparison of the spectra of one manure sample obtained with the master 
instrument, with the slave instrument, and transferred with standardization 
methods 
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CHAPTER 5. GENERAL CONCLUSIONS 
A study was completed to investigate the feasibility of using NIRS for rapid sensing 
of manure nutrients. As part of the literature review for the study a number of quick tests 
(e.g., hydrometer, electric conductivity) that have been promoted to rapidly estimate nutrients 
(primarily N and P) were organized and categorized, and found to lack the accuracy needed 
for reliable rapid testing of manure nutrients. Therefore, this study was carried out to 
examine the relationships of manure nutrients with TS, the possibility and limitations of 
using NIRS calibration for determining nutrients, including minerals, in manure by 
employing different data pretreatment, and the transfer of NIRS calibration models between 
different instruments. The overall conclusion from the study is that NIRS has good potential 
to predict N, but not P in the various forms of manure tested. It is not ready to be used for 
minor elements yet. From the study, we can draw the following specific conclusions: 
1. The relationships of TN, NH3-N, Ca, P, K, S, Na, Zn and Cu with TS are neither 
consistent nor strong among various manure types. Strong relationships with TS were 
only found for P in swine slurry manure and K in swine lagoon manure, but lack 
predictive capabilities. Planning manure application rates using nutrient predictions 
based on TS is not a good option for manure management. 
2. NIRS calibrations can achieve accurate predictions for TS, VS, TKN, and NH3-N for 
the six types of manure tested. However, NIRS can only accurately predict a few 
minerals in selected manures, for example, P in beef cattle, swine lagoon, and swine 
slurry manure. 
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3. Mathematical data pretreatments improved NIRS calibrations and predictions. 
However, based on the data available in this study, pretreatments must be individually 
tested and selected for the specific manure and nutrient of interest. 
4. NIRS calibrations for beef cattle feedlot manures were accurately transferred from a 
Foss NIRSystems 6500 to a NIRSystems 5000 to produce results with similar 
accuracies. 
5. The use of three standardized methods to transfer calibrations of beef cattle feedlot 
manures between two instruments was very successful. 
RECOMMENDATION FOR FUTURE RESEARCH 
This study showed that NIRS can be used to sense selected livestock manure nutrient 
contents. However, more work is still needed to facilitate future application. 
1. The main limitation of this study is that the calibration models were built on relatively 
small sample sizes collected from a limited geographical area. It will be desirable to 
enlarge the sample database by collecting a wider range of manure samples 
throughout all states, which will make calibrations more robust and applicable. 
2. Although the study has demonstrated that using mathematic data pretreatments can 
improve predictions for minerals, whether NIRS can accurately predict mineral 
contents in manure still needs further investigation. 
3. The findings of this study indicated that the mathematic data pretreatments must be 
individually selected for the specific manure and nutrient to improve NIRS 
calibrations and predictions. When a larger database is available additional work is 
needed to test whether a single data pretreatment can work for one nutrient for all 
types of manure, or for all nutrients in one type of manure. 
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4. Although NIRS can predict some manure nutrient contents accurately, the practical 
application of NIRS to sense manure nutrient is still limited. In order to make NIRS 
be a potential partner with GPS/GIS technology for variable application of manure, 
developing field-portable or mobile NIRS instrumentation is necessary. 
5. Because the transfer of NIRS calibration models was only tested for beef cattle 
feedlot manure between two NIR instruments from the same maker, it would be 
useful to investigate whether the successful transfer can be made for other types of 
manure and between two instruments from different manufacturers. 
6. Additional research on designing and implementing new on-line manure nutrient 
testing services is needed, such as linking laboratories involved in testing manure to 
field units such as portable scanners, computers, and/or controllers. 
94 
ACKNOWLEDGMENTS 
It is a time to look back through each step I have made and thanks to all the people 
who supported, encouraged, and challenged me over my numerous years as a graduate 
student. 
I wish to extend my sincere thanks to Dr. Jeffery C. Lorimor for serving my major 
professor during my studies at Iowa State University. You have never refused whenever I 
need help, always sharing your incredible experiences with me. I look forward to learning 
even more from you in the future. 
My thanks also go out to my committee members, Dr. Thomas J. Brumm, Dr. Charles 
R. Hurburgh, Jr., Dr. Thomas L. Richard, and Dr. Wendy J. Powers. Each of you provided 
me with guidance in developing a better understanding of knowledge both in and out of the 
classroom. Thank you all for giving the excellent advice that makes me successful. 
To all my fellow graduate students, the agricultural engineering staff, and grain 
quality laboratory staff I extend my sincere thanks. Without your help I could not 
accomplished this task. 
I also offer my thanks to my friend Mark Garrison for his help and encouragement. 
Thanks you Mom and Dad for setting the stage for my development through your 
love and support and for taking care of my son and my daughter during my studies. 
And finally, to my husband Peiqi Chen, my son Timothy Chen and my daughter Lily 
Chen, thank you for the endless love, encouragement and support. 
